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ABSTRACT 

We present optical and/or near-IR images of 128 ultra steep spectrum (USS) radio sources. Roughly 
half of the objects are identified in the optical images (R < 24), while in the near-IR images, >94% 
are detected at A < 22. The mean A"— magnitude is K = 19.26 within a 2" diameter aperture. The 
distribution of R — K colors indicates that at least 1/3 of the objects observed have very red colors 
(R — K > 5). The major axes of the identifications in A— band are preferentially oriented along the 
radio axes, with half of them having compact morphologies. 

The 22 sources with spectroscopic redshifts and A— band magnitudes follow the K — z relation found 
from previous radio samples, but with a larger scatter. We argue that this may be due to a dependence of 
A— magnitude on the radio power, with the highest radio power sources inhabiting the most massive host 
galaxies. We present a composite K — z diagram of radio-loud and radio-quiet galaxies, selected from the 
HDF- North and the Hawaii surveys. Out to z < 1, the radio- loud galaxies trace the bright envelope of 
the radio quiet galaxies, while at z > 1, the radio- loud galaxies are > 2 magnitudes brighter. We argue 
that this is not due to a contribution from the AGN or emission lines. This difference strongly suggests 
that radio galaxies pinpoint the most massive systems out to the highest known redshifts, probably due 
to the mutual correlation of the mass of the galaxy and the radio power on the mass of the central black 
hole. 

Subject headings: Galaxies: active — radio continuum: galaxies — surveys — Cosmology: galaxy 
formation — galaxies: photometry — galaxies: structure — pulsars 



1. INTRODUCTION 

High redshift radio galaxies (HzRGs) provide some of 
the best opportunities to study the spatially resolved emis- 
sion in galaxies out to the highest redshifts (z = 5.19; van 
Breugel et al. 1999). Although they are no longer the only 
class of galaxies detected at such redshifts (e.g. Steidel 
et al. 1999; Spinrad et al. 1998; Weyman et al. 1998), they 
are still amongst the most massive forming galaxies known. 
Evidence that HzRGs are indeed massive galaxies in early 
phases of their formation is based on several observations. 
First of all, at low redshift (z < 1), the host galaxies of 
powerful radio sources at are uniquely identified with mas- 
sive ellipticals (e.g. Best, Longair, & Rottgering 1998; 
McLure & Dunlop 2000). Secondly, the tight correlation 
in the Hubble K — z diagram for powerful radio sources 
suggests that they may also be associated with such galax- 
ies out to z ~ 5 (e.g. Eales et al. 1997; van Breugel et al. 
1998; Lacy, Bunker, & Ridgway 2000). Thirdly, many of 
the HzRGs consist of numerous components (van Breugel 
et al. 1998; Pentericci et al. 1999) each of which have sizes, 
UV res t luminosities and star formation rates (SFRs) sim- 
ilar to the 'Lyman Break galaxies' galaxies found in field 



surveys at z ~ 3 — 4 (e.g. Steidel et al. 1999). Fourth, in 
at least two HzRGs there is direct, spectroscopic evidence 
for massive star formation based on stellar absorption- 
line spectra (Dey et al. 1997; Dey 1999a). Fifth, red- 
shifted molecular (CO) lines (Papadopoulos et al. 2000) 
and sub-mm (Ivison et al. 1998; Archibald et al. 2001; 
Reuland et al. 2001) detections have been reported for 
many HzRGs: the inferred SFRs of ~ 1500 M Q yr _1 are 
sufficient to form massive galaxies if sustained over ~ 1 

Because HzRGs are more luminous and larger than field 
galaxies at similar redshifts, detailed studies of their op- 
tical and near-IR morphologies can be carried out. For 
example, deep A— band imaging (rest-frame optical) has 
indicated a morphological evolution in the host galaxies of 
the most powerful radio sources: at z > 3, they display 
faint, large-scale morphologies, often surrounded by mul- 
tiple components aligned with the radio source, while at 
z < 3, they appear as a single, compact structure without 
radio-aligned components (van Breugel et al. 1998, here- 
after vB98). Using HST/NICMOS i2-band data, Pen- 
tericci et al. (2001) found a similar change from objects 
with de Vaucouleurs profiles at z < 2.3 to irregular at 
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higher rcdshifts. In the rest-frame UV, this alignment is 
even more pronounced, and it occurs in most of z > 0.7 
powerful radio galaxies {e.g. Chambers, Miley, & van 
Breugel 1987). A variety of physical mechanisms has been 
proposed to explain the nature of this alignment effect. 
They include (i) star-formation induced by shocks asso- 
ciated with the radio jet propagation outward from the 
central AGN {e.g. Dey et al. 1997; Bicknell et al. 2000), 

(ii) scattering of light from an obscured nucleus by dust or 
electrons {e.g. Cimatti et al. 1993; Vernet et al. 2001), and 

(iii) nebular continuum emission from warm line emitting 
clouds {e.g. Dickson et al. 1995). High-resolution opti- 
cal and near-IR HST observations of HzRGs indicate that 
the aligned light is probably a mixture of these proposed 
components (Pentericci et al. 1999, 2001; Stern & Spinrad 
1999). 

To examine the influence of radio sources on the galaxy 
formation process, it is important to obtain a large sample 
of HzRGs, covering a range in redshift and radio power. 
Despite several intensive search campaigns during the last 
two decades (see Table 1), the number of known HzRGs 
is still quite limited: at present only 26 radio galaxies are 
known with z > 3. Furthermore, because many of the 
HzRGs, at least at z < 3, were discovered from flux lim- 
ited radio samples, there is a strong dependence of radio 
power on redshift in the samples of known HzRGs. We 
therefore constructed a new sample whose aims are (i) to 
substantially increase the sample of known z > 3 HzRGs, 
and (ii) to obtain a significant number of 2 < z < 3 radio 
galaxies with radio powers an order of magnitude less than 
the bright samples. We therefore constructed a sample of 
ultra steep spectrum (USS, a < — 1.30; S* oc v a ) radio 
sources drawn from new radio surveys that reach flux den- 
sity levels more than an order of magnitude fainter than 
previous surveys. USS sources have been successfully used 
for over two decades to find HzRGs {e.g. Rottgering et al. 
1994; Chambers et al. 1996; Jarvis et al. 2001a). This tech- 
nique mainly makes use of a radio k— correction effect: at 
higher redshift, an increasingly steeper part of the gener- 
ally concave radio spectrum shifts to the fixed observing 
frequencies of the large radio surveys. 

This paper is the second in a series of three describing 
the observations of our sample of 669 USS sources. In 
Paper I (De Breuck et al. 2000a), we defined our sam- 
ple. We also presented VLA and ATCA radio images of 
410 sources, which provide radio morphological informa- 
tion and the accurate positions needed to identify the opti- 
cal and/or near-IR counterparts. In this paper, we present 
the optical and/or near-IR imaging of a sub-sample of 128 
sources. We shall use the near-IR magnitudes to obtain 
redshift estimates based on the Hubble K — z diagram. 
In Paper III (De Breuck et al. 2001), we present optical 
spectroscopy of 46 sources from this imaged sub-sample, 
including 34 sources with spectroscopic redshifts. 

The layout of this paper is as follows. In §2, we describe 
the optical and near-IR observations and data reduction, 
paying special attention to the astrometry. We present the 
results, discuss the morphologies of the near-IR identifica- 
tions and examine the correlations between the various 
parameters in §3. In §4, we concentrate on the Hubble 
K — z diagram. We discuss the expected redshift distri- 

9 The transformation from Spinrad night-sky r s into Johnson VR is (rs 



bution from our sample in §5. We present our conclusions 
in §6. Throughout, we assume H = 65 km s _1 Mpc -1 , 
Om = 0.3, and £1a = 0. 

2. OBSERVATIONS AND DATA REDUCTION 

We obtained the optical and near-IR images described 
in this paper at five different observatories between 1996 
April and 2000 January. Table 2 gives an overview of the 
21 successful imaging observing sessions. We use a con- 
secutive numbering scheme for each session in the project, 
counting also the sessions where we did not obtain any 
data, or only spectroscopic data (see Paper III). Table 3 
gives a journal of the observations, and Table 4 gives an 
overview of the instrumental setups. 

2.1. Target selection 

We selected all our targets from the USS sample in pa- 
per I. Although we selected the objects at each individ- 
ual session on the basis of the accessible right ascension 
range, we have tried to distribute the objects over a large 
range of spectral index, radio morphology, and 1.4 GHz 
flux density. The most important improvement of our 
sample with respect to other recent surveys is the lower 
flux density limit: the median flux density of our faintest 
sample (WN) is almost an order of magnitude below all 
other efforts (Tabic 1). We therefore selected half of the 
objects observed in K— band with the additional criterion 
5*1400 < 50 mjy Although this paper presents only the 
first batch of images (~13% of the sample in R and K), 
we expect it to be fairly representative for the sample as 
a whole. 

2.2. Optical Imaging 

2.2.1. Observations 

Lick 3m We used the Kast imaging spectrograph 
(Miller & Stone 1994) at the Lick Observatory Shane 3m 
telescope on Mount Hamilton to obtain images in the 
"Spinrad night-sky" filter. This yields red magnitudes in 
the rs system, which has an effective wavelength of 6890 A, 
and an equivalent width of 1370 A; the rs magnitudes 
can be related to commonly used photometric systems as 
determined by Djorgovski (1985) 9 . The field of view of 
Kast is ~145" square, but there is substantial circular vi- 
gnetting in all corners. To enlarge the field of view and 
reduce the chance that the object falls on a bad pixel on the 
CCD, we dithered the individual exposures by ~15". We 
limited the exposure times of the individual exposures to 
3—5 minutes to avoid extensive saturation of bright stars 
in the field. 

ESO 3.6m To identify the radio source for spectro- 
scopic observations, we took 10—15 minute images with 
the ESO faint object spectrograph and camera (EFOSC1; 
Savaglio, Benetti, & Pasquini 1997) on the ESO 3.6m tele- 
scope at La Silla. If an object was not detected in 15 min, 
we did not attempt to obtain a spectrum. We re-observed 
a large number of these optical "blank fields" in K— band 
at Keck observatory (see §2.3.1). 

- R) = -0.004 - 0.072(V - R) + 0.073(V - R) 2 . 
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WHT On two occasions, we used the prime focus imag- 
ing platform (PFIP; Carter & Bridges 1995) at the William 
Herschel Telescope at La Palma to obtain deep R— band 
images of USS sources. During the 1997 May run, we used 
the LORAL CCD, while during the 1999 May run, we used 
the EEV12 CCD. This resulted in slightly different pixel 
scales and fields of view (see Table 4). 

Keck We obtained /—band images of 3 USS sources 
with the Low Resolution Imaging Spectrometer (LRIS; 
Oke et al. 1995) on the Keck II telescope on Mauna Kea. 
The main use of these deep images was to determine ac- 
curate positions and offsets from nearby brighter stars 
(I < 18) to set up the spectroscopic observations during 
the same observing session. 

2.2.2. Data Reduction 

For all the imaging data, we performed standard data 
reductions consisting of overscan bias correction, and flat 
fielding using a median sky flat, constructed for each indi- 
vidual night from the non-saturated science exposures. 

To correct for the circular edges of the Lick images be- 
fore registering them, we constructed a filter image from 
the flat-field frame, filtering out all pixels at <96% of the 
median central flat-field value. Failure to do so would lead 
to a strongly increased noise pattern in the outer regions 
of the registered image. To register the dithered Lick im- 
ages, we first determined the relative position-shifts be- 
tween the images using the task registar from the IRAF 
DIMSUM 10 package. Finally, we combined all individual 
image frames using integer pixels shifts. This is possible, 
because the PSF is over-sampled by a factor of 2 to 3 (de- 
pending on seeing) . The use of fractional pixel shifts would 
require re-sampling of each individual image, which would 
smear out the PSF in the combined image. 

The astrometric calibration and identification of the 
host galaxy is described in §2.2.3. 

We flux calibrated the images using observations from 
several standard stars obtained during the same night. Af- 
ter including the zero-point, aperture centering and sky 
background fitting uncertainties given by the phot rou- 
tine, we estimate the photometric uncertainty to be ~0.2 
magnitudes. We used the IRAF task phot to determine 
fixed aperture magnitudes. We used a 4" diameter aper- 
ture for the optical images, because the seeing was often 
not sufficiently good to justify using a smaller aperture. 
For images obtained under non-photometric conditions, 
we used a value of the photometric zero-point determined 
from previous observations; these magnitudes (indicated 
with f in Table 6) should be considered as indicative only. 

2.3. Near-IR Imaging 

2.3.1. Observations 

We used near-IR cameras at the Keck and CTIO ob- 
servatories to observe sources in both the northern and 
southern hemispheres. At each observatory, we employed 
a non-redundant 16— point dithering pattern. The inte- 
gration times and specific if— band filter (K 7 K~s or K') 
were adapted to the expected magnitudes and sky condi- 

10 DIMSUM is the Deep Infrared Mosaicing Software package, developed 
available as a contributed package in IRAF. 



tions. We first describe the site-specific details, and next 
describe the data reduction procedure. 

Keck The objects that remained undetected after op- 
tical imaging (R > 24) constitute excellent candidates for 
the highest redshift radio galaxies. We observed these 
objects with the near-infrared camera (NIRC; Matthews 
et al. 1994) on the Keck I telescope on Mauna Kea. NIRC 
contains a 256 x 256 InSb array with a pixel scale of C//151 
pixel -1 . Depending upon the sky conditions (as measured 
from the sky counts during the observations), we used ei- 
ther a standard K, a K$ or a K' filter. We used typical 
integration times of 60 s per pointing, comprised of 3 co- 
added 20 s frames, in a 16-point non-redundant dithering 
pattern. Where possible, we reduced the images of the 
first 16-point cycle during the integration on the next cy- 
cle. If the object was clearly detected in one cycle, we did 
not start a third cycle, in order to save observing time for 
other sources. 

The NIRC requires a R < 18 guide star to be placed in 
an offset guider. To achieve this, we often needed to rotate 
the target field. In some cases, we also had to shift the field 
by several arcseconds in order to place the guide star on 
the guider camera. As a result, the images obtained have 
to be rotated back to orient them in the standard North 
up, East left orientation, and the objects are not always 
perfectly centered in the registered frames. Bright stars 
in the frames display electronic 'bleed trails', for which we 
do not attempt to correct in the final images. 

The data from the 1999 September observing session 
(K12) were severely affected by instrumental problems due 
to accidental external illumination of one corner of the 
detector. This decreased the gain down to <10% of the 
normal value over more than a third of the detector ar- 
ray. During this session, we adapted our dithering pattern 
such as to avoid placing the identification in this affected 
areas. These areas are clearly visible in the finding charts 
shown in the Appendix. The measured counts of the ob- 
jects in the relevant corners are severely attenuated by this 
problem, a factor that should be taken into account if the 
resulting images are being used as finding charts. 

CTIO For the southernmost sources from our USS sam- 
ple, we used the CIRIM camera with the tip-tilt system 
on the CTIO Blanco 4m telescope at Cerro Tololo in the 
f/14 focal ratio. The detector is a 256 x 256 HgCdTe NIC- 
MOS 3 array. We used typical integration times of 120 s 
per pointing, comprised of 6 co-averaged 20 s frames, in 
a 16-point non-redundant dithering pattern. To improve 
the resolution in the images, we performed a tip-tilt cor- 
rection, using a V < 16 reference star within 2.'5 of the 
radio galaxy. 

2.3.2. Data Reduction 

We reduced the near-IR data using the NOAO IRAF 
package. After bias subtraction and flat-fielding, we sky- 
subtracted, registered, and summed the data using the 
DIMSUM near-IR data reduction package. For most im- 
ages observed with excellent seeing (<0'/5), we block- 
by P. Eiscnhardt, M. Dickinson, A. Stanford, and J. Ward, which is 
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replicated the pixels by a factor of 2 before summing the 
individual images. 

2.3.3. Astrometry 

The mean density of objects down to R = 25 from faint 
galaxy counts is ~ 10 5 deg~ x mag -1 (Smail et al. 1995). 
This agrees well with the space density of R <24.75 objects 
in the field of USS radio sources found by Rottgering et al. 
(1995). Because the optical images reach similar or deeper 
limiting magnitudes, we can statistically expect to find 
an unrelated source within ~11" from the radio position. 
This can lead to a number of possible mis-identifications in 
cases where the unrelated serendipitous source falls within 
<2" from the radio position. One way to limit the number 
of mis-identifications is to use more accurate astrometry. 
The accuracy of an astrometric solution is dominated by 

2 factors: (i) the positional uncertainty of the astromet- 
ric reference catalog with respect to the International Ce- 
lestial Reference Frame (ICRF), and (ii) the accuracy of 
the transformation of this astromctrical information to the 
images. The uncertainty in the transformation is mainly 
influenced by the number of objects available to solve the 
astrometric parameters (positional zero-points in the x- 
and y-directions, pixel scales, and rotation) using the po- 
sitions from the astrometric reference catalog. Because the 
field of view of the images is generally only a few square 
arcminutes and we are mainly interested in the central 
~arcmin 2 , we did not attempt to determine the field dis- 
tortion parameters. 

The uncertainties of the VLA positions with respect to 
the ICRF are <(X'2. As we will show below, this is 2 to 

3 times smaller than the uncertainty between the optical 
astrometry and the ICRF. In the following, therefore, we 
will consider only the uncertainties in the optical images. 
Note that this does not include the uncertainty in the pre- 
dicted position of the optical/near-IR identification with 
respect to the radio morphology. In cases where the ra- 
dio source consists of different components it is possible 
that the identification does not fall at the midpoint of the 
radio lobes, but closer to one of the lobes (see e.g. De 
Breuck et al. 1999). In those visual inspection 
of the radio source overlaid on the optical/near-IR image 
often provided an unambiguous identification. 

For the optical and near-IR images obtained prior to 
1998, we used the astrometric solution from the digitized 
sky survey (DSS-I). Veron-Cetty & Veron (1996) com- 
pared accurate absolute VLBI positions of 153 QSO's with 
positions from the DSS-I, and found the rms uncertainty 
of the DSS-I astrometry is ~ 0'/6 in both coordinates over 
the whole sky. In 1998, the more accurate USNO-A2.0 
catalog was published (Monet et al. 1998), which is based 
on astrometry from the Tycho catalog (Perryman & ESA 
1997), generated from the Hipparcos mission. The astro- 
metric uncertainty of this catalog with respect to the ICRF 
is more than 2 times better: la w 0'.'25 (Deutsch 1999). 
Provided that a good transformation of this astrometry 
to the object frames is possible, we can identify the ra- 
dio source to within one seeing clement in the optical and 
near-IR images. 

To perform the astrometric calibration on the images, 
we used the task XTRAN in the NRAO ATPS package. In 
almost all cases, the optical images were obtained before 



the near-IR image, so we can use the larger field of view of 
the optical images (see Table 4) to identify the field with 
the DSS images. 

For the astrometric calibration, we only consider stel- 
lar objects in the field, because the inclusion of resolved 
galaxies would introduce additional uncertainties to our 
solution. In some cases, we had to remove some of the 
reference objects from our solution in order to get a better 
fit; these objects are most likely stars with a significant 
proper motion. The mean number of available reference 
stars in the optical images is 8 (median is 7). Table 4 lists 
the mean pixel scales and their la deviations, as derived 
from the XTRAN solutions. We find that the uncertainties 
in the optical pixel scales are generally <(?.' 001 /pixel, with 
the largest uncertainties occurring in the images with the 
smallest field of view, viz. those obtained with Kast at 
Lick. 

In frames where less than 4 reference stars were avail- 
able, instead of following the above procedure, we used the 
position of a single star as the origin of the coordinate sys- 
tem, and adopted the pixel scale quoted in Table 4. When 
a second or third reference star was available, we selected 
the object that provided the most consistent results, or 
the object that was closest to the image center. 

Because the field of view of the registered if— band im- 
ages barely exceeds l'xl', we rarely have sufficient stars 
from the DSS-I, DSS-II or the USNO-A2.0 catalog to per- 
form the same astrometric calibration as in the optical 
images. We therefore translated the astrometry from the 
optical images, using stellar objects to R < 24 in com- 
mon between the optical and near-IR frames. On aver- 
age, we used 7 common objects to solve the astrometry in 
the NIRC images. For the if— band images obtained at 
CTIO, no optical images deeper than R ~ 20 were avail- 
able, and the uncertainties are significantly larger. Never- 
theless 6 radio galaxy identifications determined using this 
astrometry have been shown to be genuine, as they were 
all successfully detected spectroscopically with the VLT 
(see Paper III). 

For 4 objects having if— band images, but lacking large 
field of view optical images to find reference objects, we 
obtained J— and if— band images using the Gemini twin- 
arrays infrared camera (McLean et al. 1993) at the Lick 3m 
telescope. In addition, R. Gal kindly obtained wide field 
r-band images of 3 additional objects (TN J2008-1344, 
TN J2028-1934, WN J2221+3800) with the Palomar 60" 
telescope. We translated the astrometric solution obtained 
with these shallow wide-field images to align the deeper, 
but smaller if —band images. 

Using the astrometric solutions, we could find unam- 
biguous identifications within <1" of the radio positions 
in >90% of the optical images, and > 94% of the near-IR 
images (considering only the images with a possible identi- 
fication within 8" from the radio position) . In cases where 
there was another object within <2", we adopted as the 
real identification the object that was closest to the line 
connecting both radio lobes, or the object with the more 
diffuse morphology (assuming the other unresolved object 
to be a foreground star). 

2.3.4. Photometry 
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We calibrated the photometry using short observations 
of standard stars from the UKIRT faint standard list 
(Casali & Hawarden 1992) or from the list of Persson 
et al. (1998). For NIRC, this procedure yielded typical 
zeropoints of if = 25.12 ± 0.03, K So = 24.75 ± 0.03, 
and K' = 25.12 ± 0.03 (for 1 count/second, integrated 
over the source). For CIRIM at the CTIO 4m, we found 
K = 21.73 ± 0.05. We estimated the uncertainties from 
the variation of the zeropoints determined from different 
standards during the same night. The zero-points include 
the airmass term, but we did not correct for airmass vari- 
ations between the targets, because we observed all of our 
objects with airmasses <1.7 (mean airmass 1.15), and the 
airmass dependence in if —band is small compared to the 
aperture centering and sky fitting uncertainties described 
below. 

Because in most cases the redshift was not known at 
the time of the near-IR observations, we could not predict 
the expected if— band magnitudes, as determined from the 
Hubble K—z diagram (§4). Consequently, there is a signif- 
icant range in signal to noise (S/N) in the fixed apertures 
of the final images, with some of the brighter images reach- 
ing S/N levels well over 50, while the faintest detections 
are only detected down to the 5cr level. As a result, the use 
of isophotal magnitudes is inappropriate. To determine a 
standard fixed aperture, we first measured the magnitude 
in a variety of different apertures, with diameters rang- 
ing from 0V4 to 8", using the IRAF task phot. Figure 1 
shows the resulting variation of the aperture magnitudes 
as a function of the aperture diameter. It is clear that for 
the large majority of sources, most of the flux is contained 
within a 2" diameter aperture. This is also visible from 
the images (Fig. 2). 

Table 7 therefore lists magnitudes in 3 different aper- 
tures: (i) a 2" aperture, which, as shown above, corre- 
sponds best to the actual size of most galaxies, (ii) a 4" 
aperture for comparison with the optical magnitudes in 
Table 6, and (iii) an 8" aperture for comparison with pre- 
viously published if— band photometry in the literature 
(e.g. Ealcs ct al. 1997, vB98). The uncertainties quoted 
are our best estimates, which include both the zero-point 
uncertainty and the aperture centering and sky fitting un- 
certainties given by the phot routine. 

We did not correct the magnitudes for Galactic extinc- 
tion, but list the expected extinction in the if —band in 
Table 7. We obtained these values using the NASA Extra- 
galactic Database (NED), which are based on the E(B— V) 
values from the extinction maps of Schlegel, Finkbeiner, & 
Davis (1998), and converted to A(K) using the extinction 
curve of Cardelli, Clayton, & Mathis (1989), under the 
assumption of R v = A(V)/E(B - V) = 3.1. The A(K) 
corrections (listed in Table 7) are generally negligible com- 
pared to the uncertainties, except in a few objects which 
lie close to the Galactic plane. 

3. RESULTS 

Figure 2 shows 8" x 8" images of the if —band images, 
centered on the derived identifications (i.e. not the pre- 
dicted radio position). The grey scale is from /i — a to 

+ 4cr, where fj, and a are the mean and rms, as de- 
termined from a histogram of the sky-subtracted back- 
ground counts, determined in a source-free region with the 



ATPS task I MEAN. We show 90" x 90" finding charts in 
the Appendix. We show only one finding chart per ob- 
ject, selecting the near-IR image where available, because 
it is of higher quality than the optical images. All im- 
ages are shown in the usual orientation with North up and 
East to the left. Note that this required a generally non- 
orthogonal rotation of the NIRC images because they were 
obtained in a orientation that positions a guide star in the 
offset guider camera (see §2.3.1). We shall now discuss 
the optical and/or near-IR identification of a number of 
individual sources, and then consider the magnitude dis- 
tribution of the sample as a whole, if —band observations 
of 2 sources (WN J0117+3715 and WN J1843+5932) from 
our USS sample have been reported by Villani & di Serego 
Alighieri (1999). 



3.1. Notes on individual sources 

WN J0034+4142: Although the near-IR identification 
does not lie at the midpoint, it falls on the line connecting 
both radio lobes. 

WN J0117+3715: Villani & di Serego Alighieri (1999) 
report if = 18.20 ± 0.57 in a 3"88 diameter aperture 
for this source, which is consistent with our value (if = 
17.57 ± 0.04 in a 4" diameter aperture). 

MP J0130-8352: No scale size could be estimated for 
this source because there is no appropriate PSF-star in the 
CTIO image. 

MP J0202-5425: There is a bright stellar object -3" 
to the north-east of the near-IR identification, which con- 
taminates the aperture photometry, and the determination 
of the spatial profile of this source. 

TN J0205+2242: This galaxy has been spectroscopi- 
cally confirmed at z = 3.506. The near-IR surface bright- 
ness profile appears very steep for an object at such a 
redshift, and resembles that of a radio galaxies at z < 3. 

TN J0218+0844: The most likely optical identifi- 
cation is the source slightly north of the predicted ra- 
dio position, although we cannot exclude the source at 
a, 72000 = 2 /l 18 m 25?57, (5j 2 ooo = 08°44'27"7. Because we 
did not observe this source in if —band, we do not show a 
cutout image of this source in Fig. 2. 

MP J0249-4145: No sources are detected down to 
if ~ 19 within the positional uncertainty of our ATCA 
radio map. 

WN J0305+3525: The near-IR identification is an 
very diffuse source without a central core component. 

WN J0346+3039: The near-IR photometry and mor- 
phology for this object is highly uncertain due to the prob- 
lems with the detector during this run. 

WN J0359+3000: The near-IR identification is un- 
certain because the radio position is based on the NVSS 
position only (which has an rms position uncertainty of 
~ l'/5 for this source; Condon et al. 1998). The near-IR 
photometry and morphology is also highly uncertain due 
to the problems with the detector during this run. 

MP J0449-5449: No scale size could be estimated for 
this source because there is no appropriate PSF-star in the 
CTIO image. 

WN J0617+5012: The very faint if-band identifica- 
tion coincides with the southern radio lobe of a z — 3.153 
radio galaxy (see Paper III). 
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WN J0741+5611: Our radio map is of insufficient 
depth to identify any of the features observed in the field 
of the if— band image. We therefore do not show a cutout 
image of this source in Fig. 2. 

TN J0856 1510: Our radio map is of insufficient 
depth to determine the exact optical or near-IR iden- 
tification. There are 2 candidate identifications in the 
if— band image, one at aj20oo = 08' l 56 m 12!40, <5,/2ooo = 
-15°10'40"4, and one at a J20 oo = 08' l 56 m f 2?37, 5 J20 oo = 
— 15°10'32'/7. We therefore do not show a cutout image of 
this source in Fig. 2. 

TN J0924-2201: This is the radio galaxy with highest 
known redshift (z = 5.19; van Brcugel et al. 1999). 

TN J0936-2243: The central component and the 
companion object ^4" to the north both have z — 1.479. 
This source is discussed in detail in Paper III. 

WN J1015+3038: The 3 companion objects may well 
be part of the same physical source, which is probably at 
z = 0.54 (see Paper III). If this is the correct, this is object 
is more than a magnitude redder in R — if than the other 
radio galaxies at these redshifts (Fig. 10). 

TN J1033-1339: No scale size could be estimated for 
this source because there is no appropriate PSF-star in the 
NIRC image. 

TN J1049-1258: The string of objects is aligned with 
the radio source, which also consists of multiple knots. 

WN J1053+5424: The near-IR identification is a very 
diffuse source without a central core component, even 
though the radio source is a small l'.'l double (see paper I). 

WN J1123+3141: The near-IR identification of this 
large radio source (largest angular size 25'.' 8) at z = 3.217 
is a spectacular interacting system showing extended tidal 
tails. The if —band magnitude is ~2 magnitudes brighter 
than the main trend (Fig. 7). 

WN J1314+3649: This is one of our faintest if -band 
identifications. We attempted optical spectroscopy with 
LRIS at Keck, but did not detect the object (see Pa- 
per III). 

TN J1338-1942: The near-IR identification, a radio 
galaxy at z = 4.11, corresponds to the brightest compo- 
nent of a very asymmetric radio source. This source is 
described in detail by De Breuck et al. (1999). 

WN J1355+3848: No scale size could be estimated 
for this source because there is no appropriate PSF-star in 
the NIRC image. 

TN J1428+2425: This is a rare if -band "blank field" . 
Although our astrometry is based on only 2 stars in com- 
mon with an image taken with the Gemini camera at Lick 
observatory, there are no candidate identifications within 
8". We therefore do not show a cutout image of this source 
in Fig. 2. 

WN J1525+3010: There appears to be a diffuse halo 
around the if —band identification. We have obtained a 
tint = 5400 s spectrum with LRIS at Keck, but did not de- 
tect any optical emission from this source (see Paper III). 

WN J1550+3830: No scale size could be estimated 
for this source because there is no appropriate PSF-star in 
the NIRC image. 

WN J1604+5505: The near-IR identification is a very 
diffuse source without a central core component. 

WN J1731+4654: This is a rare if-band "blank 
field". We obtained the astrometric solution by transfer- 



ring a single star from the Lick image and assuming the 
pixel scale; comparison with 2 other stars common with 
the Lick image suggests this solution is accurate up to 
~1". There is a source 5" north of the predicted position 
at a^crao = 17 ?l 31 m 59!68,^20oo = 46°54'05'.'5, but this 
falls well outside the position uncertainty from the FIRST 
survey. We therefore do not show a cutout image of this 
source in Fig. 2. 

WN J1836+5210: The optical and near-IR identifica- 
tions are ambiguous between a red northern component, 
and a blue southern component. Table 5 lists the position 
of the red, northern component, which is slightly closer to 
the predicted radio position, although both sources might 
well be part of the same physical system. 

WN J1843+5932: Villani & di Serego Alighieri (1999) 
detected this source with if = 17.96 ±0.19 in a 3'.'28 aper- 
ture. We did not re-observe it, and refer to their paper for 
a finding chart. 

TN J2009-3040: This source has a strong unresolved 
component, probably a direct contribution from the AGN. 

TN J1941-1952: The unresolved object 1" west of 
the near-IR identification is probably a foreground star, 
and contaminates the aperture photometry. 

WN J2044+7044: This object appears compact in the 
if —band image. We attempted optical spectroscopy with 
LRIS at Keck, but did not detect any optical emission from 
the object (see Paper III). 

WN J2213+3411: The near-IR identification is uncer- 
tain, because we lack a high resolution VLA map of this 
field. However, the NVSS map shows a source that is elon- 
gated in the same direction as the proposed identification 
(52" x 19" at position angle -31°). 

WN J2313+4253: This is the pulsar PSR J2313+4253 
(Kaplan et al. 1998; Han & Tian 1999). 

3.2. Magnitude and color distributions 

We identified approximately half of the 83 optically im- 
aged USS sources, while in the near-IR, we found coun- 
terparts for >94% of the 86 sources observed. Of the 4 
if —band non-detections, MP J0249— 4145 was obtained 
with CIRIM at CTIO, and might well have been detected 
if observed down to fainter levels comparable to the Keck 
data. Another non-detection, WN J0741+5611, requires 
more sensitive radio map to determine the possible iden- 
tification. The remaining 2 sources, TN J1428+2425 and 
WN J1731+4654, have good radio maps (see paper I), and 
could be galaxies with extremely faint if —band identifica- 
tions or Galactic pulsars. 

It is clear that even a moderately deep (if < 20) near- 
IR survey of radio sources with a 4m class telescope is 
much more efficient in detecting the galaxy counterparts 
than deep (R < 25) optical imaging. Once identified, the 
offsets from brighter stars in the field of the radio galaxy 
allow one to accurately position the slit for spectroscopic 
redshift determinations. Moreover, the if —band magni- 
tude provides an estimate of the expected redshift of the 
radio galaxy by means of the Hubble if — z diagram (§4). 

Because the magnitude limits of our optical imaging 
vary from R ~ 23 to R ~ 26, and half of the observed USS 
sources are not detected, we cannot construct a reliable op- 
tical magnitude distribution. Only one third of the sources 
are brighter than R = 24, suggesting that the mean optical 
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magnitude is probably R ~ 25. This is significantly fainter 
than that of the USS sample of Rottgering et al. (1995), 
who found that the R— band magnitude distribution in 
their sample peaks between R = 22 and R = 23, with 70% 
of the radio sources identified at R < 24. This discrepancy 
is due to 2 main differences between the samples. First, 
the flatter radio spectral index cutoff (a ~ —1-2) in their 
sample, which selects lower redshift objects than our opti- 
cally observed sample, with a mean (and median) spectral 
index of a ~ —1.38. Second, their sample contains sources 
with radio flux densities an order of magnitude brighter 
than our sample. 

Our optical magnitude distribution more resembles that 
of the sample of fainter USS sources by Wieringa & Kat- 
gert (1992), who find that half of their sources have 
R > 24. The Wieringa & Katgert (1992) sample has 
a similar spectral index selection (0:327 < —1-1) as the 
Rottgering et al. (1995) sample, but has flux densities 
comparable to our WN sample. This suggests that the 
lower radio flux densities may explain the fainter optical 
magnitudes, because the host galaxy absolute magnitude 
appears to be correlated with radio luminosity (e.g. Best, 
Longair, & Rottgering 1998; Lacy, Bunker, & Ridgway 
2000). Such a correlation could arise if the host galaxies 
of the more powerful radio sources contain a greater mass 
of stars, and assuming that their central black holes ac- 
crete at near-Eddington rates. We return to this point in 
§4.2. 

Figure 3 shows the distribution of K magnitudes. The 
mean/median K~ band magnitude is K = 19.26/19.19 in a 
2" diameter aperture (K = 18.57/18.72 in a 4" aperture). 
The distribution appears to be slightly asymmetric, in the 
sense that the tail of sources with magnitudes fainter than 
the mean seems to be broader than the bright-end tail, 
which cuts off at K = 17.5. This may be partially due 
to our prior selection of objects undetected on the POSS 
(R<20). 

We can get an idea of the content of the sources in our 
sample from the R — K color distribution shown in Figure 
4. This histogram consists of only 37 sources, of which 
27 are non-detections in the R— band. This is mostly due 
to the nature of our observational program, where we as- 
signed lower priorities in our K— band imaging campaign 
to those objects that had been previously detected in the 
R— band. From this histogram we can conclude that at 
least half of the sources observed have R — K > 4, at least 
a third have R — K > 5, and at least 10% are bona fide 
extremely red objects (EROs; e.g. Elston, Rieke, & Rieke 
1988; Graham & Dey 1996). Note that due to the shallow- 
ness of the optical imaging, these are mostly lower limits. 
We discuss the R — K color evolution in §4.3.2. 

3.3. Morphology 

To obtain basic morphological information of the host 
galaxies (ellipticity and position angle), we used the 
IRAF-STSDAS task ellipse to fit surface brightness 
profiles in the near-IR images. The profiles are gener- 
ated by fitting elliptical isophotes to the data, with the 
center, ellipticity, and position angle of each ellipse al- 
lowed to vary. The iterative method used in the fitting 
of each ellipse is described in Jedrzejewski (1987). We 
fit each source interactively, and continued fitting out- 



ward isophotes until the ellipticity or position angle started 
showing large variations or nearby companions were picked 
up. We did not attempt to fit radial profiles for (i) sources 
observed with CIRIM at CTIO, because the seeing was 
too poor, (ii) sources with companion objects within <2", 
(iii) sources fainter than K ~ 20 in a 2" diameter aperture, 
and (iv) sources with an obvious non-elliptical morphology 
(e.g. TN J1049-1258 and WN J1123+3141). Excluding 
these sources, we retain 44 objects. Table 7 lists their 
cllipticities and position angles. 

A visual inspection of Figure 2 shows the generally com- 
pact structure of the if —band identifications, even with 
the good seeing of the Keck images. This is partly due 
to our observing strategy which cut short the integration 
times of objects that could be detected in quick moun- 
tain reductions of the first frames. Consequently, we did 
not obtain images with a high signal/noise ratio out to 
large distances. This is illustrated by the fact that more 
than half of the flux of the 8" diameter apertures is en- 
closed within a 2" aperture (See also Fig. 1). This makes 
it impossible to determine surface brightness profiles out 
to sufficiently large radii to differentiate between standard 
galaxy functional forms such as de Vaucouleurs or power- 
law disc models. 

However, it is possible to estimate the half light radii 
of the host galaxies, using a procedure described by Lacy, 
Bunker, & Ridgway (2000). This method assumes that the 
host galaxies have de Vaucouleurs profiles (Roche, Eales 
& Rawlings 1998, note that disc models do not give signif- 
icantly different best-fitting half light radii). To estimate 
the half light radius in an image, we constructed a set of 
model galaxies with circular de Vaucouleurs profiles with 
a range of half light radii. We then convolved these model 
galaxies with a PSF profile from a nearby star, and normal- 
ized them to match the total flux of the observed galaxy. 
We subsequently subtracted the model galaxies from the 
data and measured the rms in the residual image. Finally, 
we fitted a second-order polynomial to the three model 
galaxies yielding the lowest rms residuals, and determined 
the half light radius from the minimum of this polynomial. 

The derived values need to be corrected for ellipticity. 
To correct for this, we did not use the ellipticities quoted 
in Table 7, because the values are derived from the outer 
isophote only, which may be subject to large uncertain- 
ties due to the inclusion of unresolved companion objects. 
Instead, we assumed a mean ellipticity of e = 0.2, follow- 
ing Lacy, Bunker, & Ridgway (2000). Table 7 lists the 
corrected estimates of the half light radii for 36 galaxies 
where this procedure was successful. The other objects 
either have no star in the field that can be used as a PSF, 
have too low signal/noise, or obvious non-elliptical mor- 
phologies due to strong interactions with the radio source 
or companion objects. 

The median ru r is 0'.'48 (mean is 0'/60). This is similar 
to the values measured by Roche, Eales & Rawlings (1998) 
for a sample of 6C galaxies at z ~ 1 (mean 0'.'55, median 
0'.'48). However, our values are slightly smaller than those 
found by Lacy, Bunker, & Ridgway (2000) for a sample 
of 7C sources (mean l'/24, median 0'.'90). These authors 
argue that the smaller r^w in the 6C sample could have 
been underestimated due to poor seeing, but our sample 
was observed with better seeing that the 7C, and still finds 
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smaller Thir- To examine the dependence of r^w on intrin- 
sic source parameters, such as redshift or radio power, it 
will therefore be important to obtain more spectroscopic 
redshifts for our sample (at present, we only have spec- 
troscopic redshifts of 7 objects with measured r^/ r ). We 
conclude that the present data are insufficient to examine 
the evolution of the host galaxies of powerful radio sources. 

3.4. Correlations with source parameters 

Because we detected virtually all the sources from our 
sample we observed in if —band, we can now examine 
correlations between the parameters determined from the 
near-IR images (magnitude, color, ellipticity, position an- 
gle) and other source parameters (redshift, radio power, 
radio spectral index, radio size, radio position angle, emis- 
sion line luminosity). Paper I and III list the radio and 
spectroscopic parameters, and how they were determined. 
Because the vB98 sample consists of well-studied objects, 
we added their data to our sample to search for possible 
correlations. 

3.4.1. Correlations with redshift 

The most obvious correlation is between redshift and 
if— band magnitude, the so called Hubble if — z diagram, 
which is discussed separately in §4. In §4.3.2, we supple- 
ment our sample with data from the literature to study 
the color evolution of the radio galaxy hosts. 

3.4.2. Correlations between morphological parameters 

The radio and near-IR morphologies do not show strong 
correlations, except for the tendency for the main axis of 
the near-IR identification and the radio position angle to 
be aligned. We return to this point in §3.5. 

3.4.3. Correlations with emission line luminosities 

For less than 20 sources we have information on the 
emission line luminosity of Lya and/or C IV AA 1549. Nei- 
ther these luminosities nor their ratio appear to be corre- 
lated with any of the photometric or morphological near- 
IR parameters, although a weak correlation between these 
parameters would not be detected in such a small sample. 

3.4.4. K—band magnitude and radio spectral index 

Because we use both the steepness of the radio spectral 
index and the faintness of the if —band magnitude to select 
the highest redshift radio galaxies, it is of interest to exam- 
ine if both parameters are correlated through their mutual 
redshift dependence. In our inhomogeneous sample, the 
low frequency spectral indices and 2" or 4" diameter aper- 
ture if —band magnitudes are correlated at the 88% sig- 
nificance level. However, we do not consider this number 
representative because of (i) the limited spectral index cov- 
erage a < — 1.2 in our sample, (ii) the incomplete if —band 
imaging of <13% of our sample, and (iii) the radio power 
dependence within our sample (see §4). To illustrate the 
importance of this third point, we note that mean/median 
if —band magnitude of sources observed from our radio 
brightest MP sub-sample (see Paper I) is K_mp — 18.6, 
while for our ~10 times fainter WN sample, Kwn = 19.4. 
For these same sub-samples, the median spectral indices 
are 6lmp = —1-23 and awN = —1.41. 



3.4.5. K—band magnitude and radio size 

Figure 5 shows the radio size plotted against if —band 
magnitude. The faint if > 20 sources are all very small in 
the radio (< 3"), while the brighter sources have a large 
range of radio sizes. Because the if —band imaging has an 
almost complete identification fraction, and the identifica- 
tions of the large radio sources are unambiguous, we can 
exclude that the distribution in Figure 5 is due to selection 
effects. 

The spectroscopic observations (see Paper III) concen- 
trated on these weak sources with small radio sizes. Of the 
18 if > 20 detections 13 were observed spectroscopically. 
We could determine the redshift of 7 objects, which have 
a mean of z = 3.67, range from z = 2.54 to z = 5.19, 
and include the 4 highest redshift objects from our sam- 
ple. For 3 objects, we did not detect any optical emission 
in our deep (t int = 1 — 1.5 h) Keck spectra, while the 
remaining 3 objects have a faint optical continuum down 
to 4800 A, but no detectable emission or absorption lines. 
In Paper III, we discuss the possible nature of the objects 
lacking redshift determination. 

Although we obtained redshifts for only 39% of the 
if > 20 objects with small radio sizes, they are signifi- 
cantly more distant than the other objects in our sample. 
This suggests that an angular size cutoff of < 5" could also 
be used as an additional filter to select the highest redshift 
objects, prior to the if —band imaging. Such a cutoff has 
been used in several samples designed to find HzRG, such 
as the 6C* USS sample of Blundell et al. (1998) and the 
MG sample of Stern et al. (1999). However, although the 
largest radio galaxy at z > 4 is 4'/ 3 (8C 1435+635; Lacy 
et al. 1994), 5 out of the 16 known 3 < z < 4 radio galaxies 
are >10" (De Breuck et al. 2000b), including 4C 41.17 at 
z = 3.8, which has a radio size of 13". It is therefore likely 
that applying such an angular size cutoff will also exclude 
a number of z > 4 radio galaxies, and introduce additional 
selection effects. 

3.5. Radio-near-IR alignment 

Figure 6 shows a histogram of the difference in orienta- 
tion between the position angle of the radio structure and 
the orientation of the near-IR image, as determined from 
the major axis of the outer fitted isophote in the if —band 
image (§3.3). There is a clear trend for the radio and ob- 
served if —band morphologies to align. This trend is more 
obvious when we consider only the radio sources larger 
than 5", whose radio position angle can be measured more 
accurately (shaded histogram in Fig. 6) . There are at least 
2 additional objects in our sample that show an even closer 
correlation between the radio and near-IR morphologies: 
TN J1049-1258 and WN J1123+3141 (z = 3.217). This 
can also been seen in Fig. 2, where the radio position angle 
is indicated atop 8" x 8" cutout images of the 81 detected 
objects. 

Our result is consistent with the high-resolution NIC- 
MOS H— band observations of 19 radio galaxies with 
1.68 < z < 3.13 (Pentericci et al. 2001), which showed 
radio structures that are often (although with several no- 
table exceptions) aligned with the near-IR morphologies. 
In contrast, using if— band images from B2/6C sample, 
Eales et al. (1997) found no alignment effect, and argued 
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that such a radio - near-IR alignment effect only occurs 
in the most luminous radio sources. Because our sample 
contains sources of similar or lower radio luminosity than 
the B2/6C sample, Figure 6 leads us to question the sig- 
nificance of the distribution based on only 9 objects shown 
in Figure 6 of Eales et al. (1997). We believe our result is 
more robust because (i) our sample is 5 times larger, (ii) 
the seeing in our observations is superior (and the pixel 
scale is 3 times smaller), and (iii) our limiting magnitude 
is —2 magnitudes fainter. 

Together with the previous NIRC observations of vB98 
and the NICMOS observations of Pentericci et al. (2001), 
our data provide further evidence for the existence of a 
radio-ncar-IR alignment effect. Because our sample con- 
tains objects over a wide redshift range, the question of the 
origin of the observed if —band emission arises. The spec- 
troscopic redshifts of —25% of the objects with if— band 
images from our sample indicate that —33% are at z < 2, 
-33% at 2 < z < 3 and -33% at z > 3 (paper III). 
For the objects not yet observed spectroscopically, we es- 
timate redshifts 1 < z < 3, based on the Hubble if — z 
diagram (see §4). Therefore, the observed if —band most 
likely samples rest-frame —5500 A to — 11000 A. The ab- 
sence of strongly nucleated morphologies in the if —band 
images suggests there is no strong direct contribution from 
the AGN to the if —band emission. The images also do 
not show cone-like morphologies, which may be caused by 
AGN photo-ionization of regions swept up by the passage 
of the radio jets, as seen in the Ha image of B3 0731+438 
(Motohara et al. 2000). However, for most sources, we 
cannot exclude a contribution from strong emission lines, 
which may influence the observed near-IR emission in the 
outer region. In several z ~ 1 radio galaxies with high- 
resolution HST images, the extended emission lines clearly 
strengthen the alignment effect, but they cannot account 
for it completely (Longair, Best, & Rottgcring 1995). Only 
spatially resolved spectroscopy can determine the exact 
contribution from emission lines. Such a contribution can 
also be excluded if the redshift is in an interval where 
there are no strong lines in the observed if or if? band. 
Unfortunately, we have determed redshifts of only 40% of 
the objects observed (see Table 3). One example where 
we can exclude a significant emission line contribution is 
TN J1033-1339 (z = 2.425). In objects like these, stellar 
light seems to be the most likely origin of the if —band 
emission. 

4. THE HUBBLE K-Z DIAGRAM 

During the last 2 decades, the Hubble K — z diagram has 
played an important role in the search for and the study 
of high redshift galaxies {e.g. Lilly & Longair 1984; Eales 
et al. 1997, vB98). For example, the first radio galaxy dis- 
covered at z > 3 was selected from a radio sample on the 
basis of a faint if — 18.5 magnitude (Lilly 1988). In our 
sample, we combine this faint if —band selection with our 
radio USS criterion. 

4.1. The K — z diagram for radio galaxies 



Figure 7 presents a if — z diagram that includes the 22 
objects with if —band data and redshifts, augmented with 
data of 3 samples drawn from the literature: the 3C sam- 
ple (Lilly & Longair 1984; Dunlop & Peacock 1993), the 
6C/B2 sample (Eales et al. 1997; Rawlings, Eales, & Lacy 
2001), and the sample of HzRGs observed with NIRC by 
vB98. We followed the same photometric procedures as 
described in Eales et al. (1997) to ensure that all mag- 
nitudes are on the same metric system. This involves 
correcting the magnitudes measured in an 8" diameter 
aperture to a standard 64 kpc aperture 11 , assuming the 
emission within an aperture of radius r is proportional to 
r o.35 rp n j g a p er t ure correc tion brightens the magnitudes 
by — 0.1, depending on redshift. As shown in Figure 1, 
the 8" diameter aperture is too large for most objects, but 
no smaller-aperture magnitudes have been published for 
large samples in the literature. 

Our new HzRGs obey the same relation as the previous 
data, but have a larger scatter than the objects observed 
by vB98, even though the same observational setup was 
used in both samples. We now examine the possible rea- 
sons for this. 

Contribution from emission lines. Using near-IR 
spectroscopy of HzRGs, Eales & Rawlings (1993) ar- 
gued that emission lines may contribute — 100% to 
the if— band magnitude. vB98 avoided this problem 
by observing their sample using specific if —band filters 
which avoid rest-frame wavelengths including strong emis- 
sion lines. Our observations could be more subject to 
line contamination because we used only the if— and 
if 5— band, mostly without prior knowledge of the spectro- 
scopic redshift. However, the only lines that are expected 
to contribute significantly to the if —band magnitude are 
[O II] A 3727, [O III] A 5007, and Ha (see McCarthy 1993). 
This would lead to an asymmetric scatter towards brighter 
magnitudes around z — 4.9, 3.4, and 2.3. For example, Ar- 
mus et al. (1998a) found that the [O III] lines in 4C +19.71 
at z = 3.594 contribute 34% to the if —band magnitude. 
However, only one object in our sample shows a clear ex- 
cess magnitude at these redshifts (WN J1123+3141), but 
this is an exceptional, complex merging system, in which 
enhanced star-formation may well contribute more to the 
if —band luminosity in the continuum than optical line 
emission ([O III] A 5007). Moreover, because our sample 
contains less radio powerful sources, the emission lines are 
also fainter, due to the correlation of emission line lumi- 
nosity with radio power (Rawlings & Saunders 1991; Jarvis 
et al. 2001b). We therefore dismiss this possibility. 

Direct contribution from the AGN. According to 
unified models, the hosts of radio galaxies harbor hidden 
AGN which are shielded from our direct view by thick 
obscuring material, while in quasars there is a direct line 
of sight toward the unresolved central AGN. Because the 
AGN emission is extremely bright relative to the emis- 
sion from the stellar population in the host galaxy, even a 
small partially obscured contribution could have a signifi- 
cant influence on the total integrated if —band magnitude. 

11 Eales et al. (1997) used a 63.9 kpc aperture, because the 8" aperture used for most of the K— band data in the literature supposedly 
corresponds to this value at z = 1.0 in their adopted cosmology (Ho = 50 km s" 1 Mpc -1 , !)m = 1-0, and Qa = 0). In fact, 8" corresponds to 
68.1 kpc, but we continue to use 64 kpc for the sake of uniformity in the literature. 
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However, this contribution would appear unresolved and 
in §3.3 we found no evidence for such a component in the 
if —band images. Although our images are not of sufficient 
quality to put strong limits on a possible direct AGN con- 
tribution, we would have clearly detected cases where this 
component would dominate the if— band emission. 

The low selection frequency (325 or 365 MHz) of our 
USS sample also tends to avoid objects which are domi- 
nated by a strong flat spectrum radio core (e.g. Blundcll 
et al. 1998). Those objects are thought to be more Doppler 
boosted due to a decrease in the angle between the jet-axis 
and the line of sight. Such small viewing angles would 
increase the chance of a direct line of sight towards the 
central AGN like in quasars. 

At z ~ 1 , there is also observational evidence from stud- 
ies of other samples of radio galaxies that the contribution 
of AGN emission to the if —band emission is small. The 
results of thermal IR observations of 3C and lower redshift 
radio galaxies by Simpson, Rawlings & Lacy (1999) and 
Simpson, Ward, & Wall (2000) show that even in the most 
powerful radio sources, the contribution by AGN emission 
to the if —band magnitude is <10%. Near-IR polarime- 
try observations by Leyshon & Eales (1998) indicate that 
scattered quasar light makes only a small contribution at 
near-IR wavelengths, even in sources where this contribu- 
tion is important in the UV and optical. 

4.2. Relation between radio power and K—band 
magnitude at given redshifts. 

Based on the observation that the if —band magnitudes 
of the stellar populations of z ~ 1 3CR radio galaxies 
are brighter than those of the lower radio power 6C radio 
galaxies, Best, Longair, & Rottgering (1998) argued that 
the stellar masses of the more powerful radio galaxies are 
greater. The most powerful radio sources would possess 
radio beams with kinetic powers close to the Eddington 
limiting luminosity of a central super-massive black hole. 
The recently found correlation between black hole mass 
and galaxy velocity dispersion in nearby elliptical galaxies 
suggests a causal connection between the formation and 
evolution of their central black hole and bulge (Gebhardt 
et al. 2000). This may also imply that the mass of the 
black hole scales with the mass of the host galaxy, in which 
case the most powerful radio sources will contain more 
massive central engines together with their larger stellar 
mass. Additional evidence for the existence of such a re- 
lation was provided recently by Lacy, Bunker, & Ridgway 
(2000) who found that the rest-frame R— band magnitudes 
Mr of z ~ 1 radio galaxies increase with radio luminosity. 

To examine the relation between radio power and 
if —band magnitude quantitatively, we first fit a linear re- 
lation to the log 10 (z) vs. K 6 4k pc relation. This line, shown 
in Figure 7, docs not have any direct physical meaning, 
and only serves to measure the deviation from the main 
trend at a certain redshift. We determined the radio power 
at 1.4 GHz rest- frame in a consistent way, using flux den- 
sities from the WENSS 325 MHz (Rengelink et al. 1997), 
Texas 365 MHz (Douglas et al. 1996), and NVSS 1.4 GHz 
(Condon et al. 1998); see De Breuck et al. (2000b) for 
more details. This procedure provides radio powers for 99 
radio galaxies with known if —band magnitudes. Figure 8 
plots this deviation from the if — z relation against the ra- 



dio power at 1.4 GHz. The statistical significance of this 
correlation is 99.94%, with a Spearman rank correlation 
coefficient of r = —0.34. Considering only the 87 sources 
at z < 2, the significance drops to 95%, while for the 12 
z > 2 sources, the significance drops to 88%. Of course 
the linear fit to the log 10 (z) vs. K^kpc relation relation 
is a serious over-simplification which may well introduce 
an artificial dependence in Figure 8. However, fitting a 
second order polynomial to the if — z relation has a mi- 
nor (positive) influence on the significance of the deviation 
K — z/Puoo relation. We note that the data used to de- 
termine this correlation are either from complete samples 
of radio surveys, or from our sample, and therefore have 
complete if— band information. So there is no selection ef- 
fect against faint if —band sources. Furthermore, we have 
concentrated on such fainter if —band sources in our spec- 
troscopic campaign (paper III). 

We conclude that at z ~ 1, the relation seems to be well 
established (see also Eales et al. 1997), but a larger sam- 
ple of less radio powerful z > 2 radio galaxies is needed 
to confirm the extention to higher redshifts. However, if 
the relation holds, it could provide an explanation for the 
higher scatter in our sample, compared to the sample ob- 
served by vB98 (both observed with NIRC). Our new USS 
sample is based on radio surveys that are 10 — 100 times 
fainter than the ones used to find the other HzRGs (see 
Fig. 1 of De Breuck et al. 2000b), and therefore includes 
radio sources with a much larger range of radio luminosi- 
ties, while the vB98 sample mainly contains radio galax- 
ies with P1400 > 10 36 erg s _1 Hz _1 . Because radio power 
and emission line luminosity in HzRGs are correlated (e.g. 
Rawlings & Saunders 1991; McCarthy 1993; De Breuck 
et al. 2000b), the emission line luminosities are expected 
to be weaker in our sample. This could also introduce a 
spectroscopic bias against less powerful radio sources, as it 
is harder to determine their redshifts. The if —radio power 
relation would then propagate this bias towards brighter 
if —band magnitudes. Our sample is less subject to this 
because we have obtained deep spectra with the Keck tele- 
scope, while the vB98 sample was based on previous USS 
samples which used only 3— 4m class telescopes for optical 
spectroscopy. 

The connection between the radio and emission line 
luminosities is most likely established through a mutual 
dependence on the black hole mass. This can also ex- 
plain the small range in if —band magnitudes through the 
dependence of the host galaxy stellar mass on the same 
black hole mass (Best, Longair, & Rottgering 1998; Lacy, 
Bunker, & Ridgway 2000). Assuming the radio power - 
host galaxy mass relation is the main determinant of the 
trends with radio power in the if — z diagram, this would 
argue that the most massive galaxies at the highest red- 
shifts can be found by selecting the most powerful radio 
sources. 

4.3. Comparison with radio-quiet galaxies 

4.3.1. K — z diagram 

For almost two decades, this tight correlation in the 
Hubble if —z diagram has been used as one of the strongest 
indications that radio galaxies are identified with mas- 
sive ellipticals at high redshift. However, this argument 
is based on the extrapolation from the z < 1 observations, 
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where this is indeed the case (e.g. Lilly & Longair 1984). 
A direct comparison between the stellar populations of 
radio-loud and radio-quiet galaxies at z > 1 has not been 
possible until only very recently. This situation has now 
changed with the availability of extremely deep imaging 
and spectroscopy of the Hubble Deep Field (HDF-North; 
Williams et al. 1996). 

Dickinson et al. (2001) obtained a t int = 22. 9h if— band 
image of the HDF-North using the IRIM camera at the 
Kitt Peak National Observatory 4m telescope in 1996 
April. These images reach a formal 5cx limiting magni- 
tude of if — 21.92 (2" diameter aperture), which is com- 
parable to or fainter than our NIRC HzRG images. M. 
Dickinson kindly provided us with a list of all 185 objects 
in the HDF-North with known spectroscopic rcdshifts, and 
their if— band magnitudes or limits. Because the if— band 
HDF-North image has much poorer resolution (<~ 1" see- 
ing) than the space-based HST images, the magnitudes 
of the individual objects were not measured in standard 
apertures. Instead, only objects detected in the HSTNIC- 
MOS F110W (J-band) and F160W (if-band) images 
(Dickinson 1999) were selected, convolved to match the 
ground-based if —band PSF, and then fit to the if— band 
data. In this way overlapping objects are deblended, and 
meaningful fluxes and limits to every object detected in 
the NICMOS data can be assigned, regardless of whether 
it can be detected or not in the ground-based if— band 
image. These magnitudes can be considered as approxi- 
mately total magnitudes, and are calibrated to the same 
Vega-based photometric system, as also used for the obser- 
vations of the radio-loud galaxies. The 185 spectroscopic 
rcdshifts have been compiled by M. Dickinson from iden- 
tification campaigns of various groups. They are therefore 
a heterogeneous mix, and do not intend to be complete 
in any way. The highest redshift galaxy in the sample is 
HDF 4-473.0 at z = 5.60 (Weyman et al. 1998). 

Because of the small survey area, the HDF-North cat- 
alog contains few z < 0.3 galaxies. To increase the num- 
ber of radio-quiet galaxies at low rcdshifts (z < 1), we 
used the redshifts and if— band magnitudes of the Hawaii 
survey (Cowie et al. 1994; Songaila et al. 1994). These 
magnitudes were measured in a 3"or 3'.'5 diameter circu- 
lar aperture, and then corrected to total magnitudes using 
an average correction determined from all bright isolated 
objects in the field (see Cowie et al. 1994, for details). 
Songaila et al. (1994) provide spectroscopic redshifts for 
the if < 20 objects. The highest redshift galaxy in this 
sample is at z — 1.154, and the list also contains a z — 2.33 
BALQSO (Cowie et al. 1994), which we include for com- 
pleteness, although it can not be directly compared with 
the other radio-quiet or radio-loud galaxies. 

Because the 64 kpc metric apertures determined for the 
radio galaxies in Figure 7 are also our best estimate for 
their total magnitudes, we can now directly compare the 
if— band magnitudes of radio-quiet and radio-loud galax- 
ies over the entire redshift range < z < 5.6. Figure 9 
shows this composite Hubble K — z diagram of radio-quiet 
and radio-loud galaxies. The most obvious difference with 
Figure 7 is the almost complete absence of a relation in the 
radio-quiet objects. There also appears to be a deficiency 
of if > 20 objects at z < 0.3, but this is due to the limited 
survey area of the HDF, and the if < 20 limit of the spec- 



troscopy of the Hawaii survey. This is also the most likely 
explanation for the absence of bright radio-quiet galaxies. 
Also note the dearth of sources in the 'redshift desert' at 
1.5 < z < 2, where no bright emission lines are observable 
with optical spectrographs. 

Figure 9 shows that at z < 1, the radio- loud galaxies 
trace the bright envelope of the radio-quiet galaxies, while 
at z > 1, they are > 2 magnitudes brighter. Provided 
the non-stellar contributions to the if —band emission are 
negligible (as argued above), this is some of the strongest 
evidence to date that powerful radio galaxies pinpoint the 
most massive systems out to the highest redshifts currently 
accessible. Although mass estimates are very uncertain, 
Best, Longair, & Rottgering (1998) estimate masses ex- 
ceeding 10 n M Q for z ~ 1 3CR radio galaxies. However, 
this is consisent with other determinations: Dey & Spinrad 
(1996) derive a kinematically determined mass estimate of 
~8x 10 10 M Q for the central region of the z = 0.81 radio 
galaxy 3C 265. These values are an order of magnitude 
smaller than the ones determined for HDF field galaxies: 
Papovich, Dickinson & Ferguson (2001) derive masses of 
~ 10 10 M Q for 2.0 < z < 3.5 Lyman break galaxies in the 
HDF-North. This illustrates that the large difference in 
survey area between the radio and deep optical surveys 
can allow the detection of such rare massive objects. 

4.3.2. R — K/z diagram 

The R—K/z diagram has been widely used to argue that 
the stellar population in radio galaxies is dominated by an 
evolved population formed at high redshifts (zf orm > 5). 
At z > 1, the scatter increases due to the k— correction 
effect shifting contributions from younger starbursts into 
the observed R— band (e.g. Dunlop et al. 1989). Espe- 
cially at the highest rcdshifts (z > 3), there is evidence 
for the presence of substantial amounts of star-formation 
(e.g. Dey et al. 1997; Papadopoulos et al. 2000). How- 
ever, these recent starbursts (possibly induced by the radio 
activity) cannot produce the majority of the stellar pop- 
ulation, as this would produce too large a scatter in the 
K — z diagram (Rocca-Volmerange & Guiderdoni 1990). 
An additional explanation for the increased R — if scat- 
ter at z > 1 could be the increasing contributions from 
non-stellar components. This is supported by spectropo- 
larimetry observations suggesting that a scattered quasar 
component dominates the UV spectra of radio galaxies at 
z ~ 1 (e.g. Tran et al. 1998) and z ~ 2.5 (Vernet et al. 
2001). 

To examine if our radio galaxies differ in any way from 
field galaxies, we also compiled the R — if colors of ra- 
dio and HDF galaxies. Because our sample contains only 
14 spectroscopically confirmed objects with R — if infor- 
mation, we supplemented our sample with 130 galaxies 
from the MRC Uy survey (McCarthy 1999) and 41 galax- 
ies from the 7CRS (Willott, Rawlings & Blundell 2001b). 
While all these radio galaxies have spectroscopic redshifts, 
this does not mean they are an unbiased sample. Willott, 
Rawlings & Blundell (2001a) have made photometric red- 
shift estimates for the 7 sources in their 7CRS sample 
which did not yield redshifts after optical spectroscopy, 
and found that 6 of them have R — if > 5.5. This is 
consistent with the results from Keck spectroscopy of our 
USS sample (De Brcuck et al. 2001): of the 5 sources 
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that did not yield a redshift after ~lh exposures, one has 
R — K = 5.8, while the others have limits R — K > 4. 

For the HDF, we use the photometry and photometric 
redshifts of Fernandez-Soto, Lanzetta, & Yahil (1999). To 
obtain R— band colors, we interpolated between the mean 
wavelengths of the F606 (6031 A) and F801 (8011 A) filters 
to 6940 A. We also include the color evolution predicted 
from stellar evolution synthesis models, calculated with 
PEGASE 2 (Fioc & Rocca-Volmerange 1997, 1999). The 
5 model grids with Zf orm = 2, 3, 4, 5, 6 represent an instan- 
taneous burst, using a Salpeter IMF (0.1 < M < 12OM , 
solar metallicity, and no infall. 

Figure 10 shows the combined R — K/z diagram of ra- 
dio and optically selected galaxies. At z < 2, the radio 
galaxies are clearly redder than the field galaxies, and 
closely follow the predictions from evolved stellar popula- 
tions. At higher redshifts, the scatter increases, which can 
be explained by different competing factors, including: (i) 
the increasing contribution of young stars and non-stellar 
emission in the R— band, (ii) the incompleteness of the 
spectroscopic redshift information which tends to be more 
significant for the reddest objects (Willott, Rawlings & 
Blundcll 2001a), and (hi) reddening due to dust (Armus 
et al. 1998a; Archibald et al. 2001; Reuland et al. 2001). 
Because the amount of dust emission appears to increase 
with redshift Archibald et al. (2001), it is unlikely that 
the redder colors at z < 2 are due to reddening by dust. 
We therefore conclude that, z < 2 radio galaxies appear 
clearly redder than the HDF field galaxies, and interpret 
this as evidence for the more evolved stage of their stellar 
populations. At z > 2, a detailed decomposition of the dif- 
ferent components contributing to the R— and K— band 
emission would be needed to make a proper comparison 
between both classes. 

Some of the field galaxies have colors similar to those 
of the radio galaxies, indicating some field galaxies also 
contain evolved stellar populations, or are very dusty {e.g. 
Armus et al. 1998b; Cimatti et al. 1998; Dey et al. 1999b). 
The fact that almost no HDF galaxies have colors signif- 
icantly redder than the radio galaxies supports the idea 
that the latter formed at higher redshift. However, the 
larger scatter in R — K color for the HDF galaxies does 
not imply that they are not ellipticals, as morphologically 
selected samples from the HDF have found bluer field el- 
lipticals {e.g. Schadc et al. 1999; Dickinson 2000). 

4.3.3. The fraction of massive galaxies which harbour 
powerful radio sources 

What fraction of massive galaxies at high redshift do 
powerful radio sources represent? To answer this question, 
a large-area spectroscopic survey of K ~ 20 galaxies, with 
follow-up radio observations would be needed. Although 
the Hawai'i survey covers 250 arcmin 2 for K < 16 objects, 
this area is limited to 5 arcmin 2 for K < 20 (Songaila et al. 
1994), similar to the coverage of the HDF. This is too small 
to detect statistically significant numbers of galaxies at the 
highest redshifts. 

Nevertheless, it is worth pointing out that the z > 4 
galaxy in the HDF with the brightest radio emission 
(5*1400 = 470/iJy) is more than a magnitude brighter in 
i\T-band than the other 6 at z > 4 (VLA J123642+621331 
at z = 4.424, Waddington et al. 1999). There is now cir- 



cumstantial evidence that this object contains an AGN, 
including (i) the detection of an unresolved component in 
a 0'.'026 resolution radio image obtained with the European 
VLBI Network (EVN) (Garrett et al. 2001), and (ii) the 
detection of X-ray emission with Chandra which is consis- 
tent with the optical to X-ray flux ratio seen in local AGN 
(Brandt et al. 2001). 

At lower redshift, VLA J123644+621133 is a z = 1.050 
FR I source (Richards et al. 1998). The K = 16.92 of 
this object is comparable to the the brightest 3C sources 
at these redshifts. Several other AGN in the HDF de- 
tected in deep radio and/or Chandra X-ray maps (Horn- 
schemeier et al. 2000) inhabit fairly normal galaxies. One 
of the Chandra sources with a photometric z p hot — 2.6 
is an extremely red object with K = 22.07, and is likely 
an obscured AGN (M. Dickinson, private communication). 
Such obscured AGN at z < 2 might also be present in our 
radio selected sample (see paper III). 

To summarize, radio galaxies remain the most efficient 
tracers of the most massive galaxies at the highest red- 
shifts accessible with optical spectrographs. Some of the 
most luminous objects at a given redshift in the optically 
selected surveys also appear to harbour an AGN, but the 
present sample is too small to determine the fraction of 
massive galaxies that contains an AGN. Moreover, deep 
Chandra X-ray observations indicate that a substantial 
fraction of AGNs might be heavily obscured (Mushotzky 
et al. 2000), and might prove difficult to identify at op- 
tical or near-IR wavelengths. Because the life-time of a 
powerful radio source (10 7 — 10 s y; Blundcll & Rawlings 
1999b) is short compared to the Hubble time, a substan- 
tial fraction of massive galaxies should be going through 
a period of radio inactivity, and can only be found from 
non-radio selected surveys. An approach made possible 
with the advent of deep X-ray surveys with Chandra and 
XMM-Newton is to use the X-ray emission as a signpost 
of nuclear activity. This provides a powerful alternative 
for radio observations, although the survey areas covered 
are still small. From deep multi-wavelength observations 
of the Hawai'i Deep Survey Field SSA13, Bargcr et al. 
(2001) find that 7j^% of the optically luminous galaxies 
(—22.5 > Mj > —24) are indeed X-ray sources. 

5. REPERCUSSIONS FOR HZRG SEARCHES 

The original goal of the imaging programme was to 
identify our USS sources as promising high redshift ra- 
dio galaxy targets for subsequent optical spectroscopy. 
We find that due to the red R — K colors of the host 
galaxies, near-IR imaging is a far more efficient technique 
for obtaining HzRG identifications than optical imaging. 
Near-IR imaging leads to an almost complete identification 
rate, and provides an approximate photometric redshift by 
means of the Hubble K — z diagram, or, potentially, from 
a modified K — z — P ra dio relation. Figure 3 shows that the 
majority of the K— band images are relatively bright, sug- 
gesting that the average redshift of our sample is relatively 
moderate. To examine this quantitatively, we first trans- 
formed the 8" diameter apertures to 64 kpc metric aper- 
tures using the average correction of K^kpc — K{&")+Q.2. 
We then used the fit of the K§^ vc versus log 10 (,z) relation 
as obtained in §4 to determine the predicted redshift of 
these objects. Although this is a severe over-simplification 



Imaging of USS sources 



13 



which ignores the scatter in the K — z relation, and is 
based on only 13% of the total number of sources in our 
USS sample, it can provide a first estimate of the redshift 
distribution of the 81 objects detected at if —band. 

Figure 11 shows this predicted redshift distribution. 
The median predicted redshift from this sample is 2.06, 
while the mean is z = 2.25. This median redshift is consis- 
tent with the rather steep surface brightness profiles typi- 
cal of z < 3 radio galaxies (see §3.3). Figure 11 also shows 
the distribution of the spectroscopic redshifts obtained, 
which has a mean/median at z ~ 2.5. This difference 
illustrates the advantage of using an additional faint near- 
IR magnitude selection criterion to increase the chances 
for finding very high redshift radio galaxies. 

The distributions in Figures 4 and 11 suggest that the 
majority of the sources in our sample are very red ob- 
jects or even EROs at 0.5 < z < 2.5 with a tail of very 
high redshift radio galaxies. Wide-field surveys of EROs 
have indeed shown that the density of ERO increases with 
if —band magnitude out the their completeness limit of 
if ~ 19 {e.g. Daddi et al. 2000). Because the imaging 
sub-sample selects objects at if— band, and a number of 
objects were even pre-selected to have faint R— band mag- 
nitudes, our sample includes a large number of very red 
objects and EROs that happen to be radio-loud. This pop- 
ulation might represent more than half of our total sample, 
suggesting that very red objects at z ~ 1.5 are probably 
important contributors to galaxy counts in steep-spectrum 
radio-selected samples. These red objects generally have 
18 < if < 20, explaining our increased success in find- 
ing z > 3 radio galaxies by concentrating on the if > 20 
identifications. 

6. CONCLUSIONS 

We have obtained 83 optical images, and 85 near-IR im- 
ages of sources selected from our USS sample. Our main 
conclusions from these observations are: 

• ^50% of the objects are detected in the optical images 
down to R ~ 24 - 25. 

• 94% of the objects are detected in_the near-IR 
if —band down to if ~ 22, with a mean K — 19.26 in 
a 2" diameter aperture. One of the non-detections is due 
to the limited sensitivity of the radio map, while the other 
3 are intrinsically faint if —band sources, 1 having if > 19, 
and 2 having if > 22. 

• The distribution of R — if colors shows that at least 
1/3 have R — if > 5, and at least 4 objects (>10%) are 
EROs with R - if > 6. 

• The if > 20 identifications appear only associated 
with small (< 2") radio sources. 

• The if —band morphologies show mostly compact ob- 
jects typical of z < 3 radio galaxies. 

• The major axes of the if —band morphologies, as de- 
termined from the fitting of ellipsoidal isophotes are pref- 
erentially oriented along the radio axes. This provides 
further evidence for the existence of a near-IR/radio align- 
ment effect. 

• The 22 objects from our sample with known z and if 
obey the same relationship in the Hubble if — z diagram 
as previous radio samples, but with a larger scatter. 

• The scatter may well be dominated by the radio power, 
which is correlated with the deviation from a linear fit to 



the log 10 (z) vs. K 6 4k pc relation with a 99.94% significance 
level. This indicates that the most powerful radio sources 
are located in the most massive host galaxies, probably due 
to a mutual correlation if galaxy mass and radio power on 
the mass of the central black hole. The previously known 
HzRGs were drawn from samples which included only the 
most powerful radio sources, giving rise to a tighter corre- 
lation in the if — z diagram. 

• A comparison between the K — z relation of radio-loud 
and radio-quiet galaxies determined from the HDF- North 
and the Hawaii survey shows that the radio-loud galaxies 
define the luminous envelope of the if —band magnitudes 
at z < 1, while at z > 1, the radio- loud galaxies are > 2 
magnitudes brighter. This is amongst the strongest evi- 
dence to date that radio galaxies trace the most massive 
forming stellar populations at high redshifts. 

• Radio galaxies generally have redder R — if colors 
than optically selected galaxies from the HDF, especially 
at z < 2. This indicates radio host galaxies also contain 
more evolved stellar populations. 

• Some of the brightest objects in the K— band from the 
optically selected surveys appear to contain AGN, suggest- 
ing that the fraction of massive galaxies containing AGN 
is quite high. However, a much larger if —band selected 
sample of high redshift galaxies would be needed to esti- 
mate this fraction. 

• The HzRGs with the faintest if —band identifications 
may be extremely dusty and/or at extremely high (z > 7) 
redshifts. We have therefore embarked on a program to 
obtain near-IR spectroscopy at Keck and sub-mm obser- 
vations at JCMT/IRAM to investigate this in more detail 
and will report on the results in a forthcoming paper (Reu- 
land et al. 2001). 
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Table 1 

Recent Radio Redshift Surveys 



Survey Selection in S Selection in a Median Mean % z spec Mean z # sources Reference 

[mjy] S1400 [mjy] S1400 [mjy] 

MRC S408 > 950 All 463 641 67.0 0.74 558 1 

6CE 2000< Sisi <3930 All 391 427 94.9 1.14 59 2 

MP S408 > 700; S4850 > 35 c4oi° < -1-20 311 395 15.5 0.88 58 3 

USS varies a a < -1.0 a 281 318 2.3 1.27 1165 4 

7C-III Sibi > 500 All 184 211 81.5 1.19 54 5 

6C* 960< 5i5i <2000 afff < -0.98 131 127 100.0 1.96 29 6 

TN S365 > 150; S1400 > 10 < -1.30 74 118 7.1 2.10 268 3 

WN S325 > 18; S1400 > 10 < -1.30 18 41 4.4 1.87 343 3 



a The USS sample of Rottgering et al.(1994) consists of 9 sub-samples, each with different flux density and spectral index limits. 
See Table 4 of Rottgering et al.(1994) for details. 

References. — (1) McCarthy et al. (1996); (2) Rawlings, Eales, & Lacy (2001); (3) De Breuck et al. (2000a); (4) Rottgering et al. 
(1994); (5) Lacy et al. (1999); (6) Jarvis et al. (2001a) 



Table 2 



Observing Sessions 



Run 


UT Date 


Telescope 


Instrument 


Photometric? 


Seeing 


L3 


1996 Apr 19 


Lick 3m 


Kast 


no 


l'.'S 


L6 


1996 Nov 11 


Lick 3m 


Kast 


yes 


1'.'3 


L7 


1997 Jan 7-9 


Lick 3m 


Kast 


no 


2"-3" 


E2 


1997 Mar 5-6 


ESO 3.6m 


EFOSC1 


yes 


l'.'3 


E3 


1997 Apr 9-11 


ESO 3.6m 


EFOSC1 


yes 


1'.'4 


W4 


1997 May 1-2 


WHT 4.2m 


Prime-focus 


yes 


0"9 


L8 


1997 May 6-7 


Lick 3m 


Kast 


yes 


l"7 


L9 


1997 Jun 6-8 


Lick 3m 


Kast 


yes 


l'.'l-2" 


L10 


1997 Aug 8 


Lick 3m 


Kast 


no 


l'.'2-l"5 


K4 


1997 Sep 10-11 


Keck 10m 


NIRC 


yes 


0'.'4-0"5 


CI 


1998 Feb 16 


CTIO 4m 


CIRIM 


yes 


0"5 


K7 


1998 Apr 18-19 


Keck 10m 


NIRC 


yes 


0'.'4-0"6 


L13 


1998 Aug 23-24 


Lick 3m 


Kast 


yes 


1'.'3 


C2 


1998 Sep 1-4 


CTIO 4m 


CIRIM 


partly 


O'.'6-l" 


L15 


1998 Oct 18-19 


Lick 3m 


Kast 


partly 


1"0-1'.'3 


K9 


1998 Dec 19-20 


Keck 10m 


LRIS 


yes 


0"7 


W5 


1999 May 17-19 


WHT 4.2m 


Prime-focus 


yes 


l'.'O 


K10 


1999 May 22-23 


Keck 10m 


NIRC 


yes 


0'.'3-0"4 


K12 


1999 Sep 23-24 


Keck 10m 


NIRC 


no* 


0'.'4-0"7 


PI 


1999 Oct 13 


Palomar 60" 


CCD13 


yes 


0"9 


K13 


2000 Jan 30 


Keck 10m 


NIRC 


yes 


0"6 



a Affcctcd by instrumental problems, see §2.1.1 



Imaging of USS sources 



Table 3 

Journal of Imaging Observations 



Source 


z 


Run 


Filter 




WN J0000+4654 




K12 


K 


780 


WN J0007+3641 




L13 


rs 


600 


WN J0034+4142 




L13 


rs 


3000 






K12 


K 


1020 


WN J0040+3857 


2.605 


L15 


^s 


2700 


MP J0100-6403 




C2 


K 


1800 


TN J0102-1055 




K12 


K 


780 


MP J0114-3302 




C2 


K 


1920 


WN J0117+3715 




K12 


K 


840 


TN J0121+1320 


3.516 


L7 


rs 


1800 






K4 


K s 


3840 


MP J0130-8352 




C2 


K 


1920 


WN J0137+3250 




L15 


rs 


3600 


MP J0141-6941 




C2 


K 


1920 


WN J0155+8036 




L15 


r s 


2100 


TN J0201-1302 




K12 


K 


1560 


MP J0202-5425 




C2 


K 


3840 


TN J0205+2242 


3.506 


L7 


rs 


1980 






K4 


Ks 


1920 


TN J0218+0844 




L10 


r s 


900 


WN J0231+3600 


3.079 


K9 


I 


720 


MP J0249-4145 




C2 


K 


840 


WN J0303+3733 


2.506 


L15 


rs 


3000 


WN J0305+3525 




K9 


I 


960 






K12 


K 


2280 


WN J0310+3644 




K9 


I 


900 


MP J0340-6507 




C2 


K 


960 


WN J0346+3039 




K12 


Ks 


600 


WN J0359+3000 




L13 


rs 


3000 






K12 


Ks 


540 


TN J0402+1007 




L7 


rs 


2280 






K4 


Ks 


1920 


TN J0410+1019 




K12 


K 


1320 


MP J0449-5449 




C2 


K 


720 


TN J0452-1737 


2.256 


L7 


rs 


1800 






K4 


Ks 


960 


TN J0517-0641 




E2 


R 


600 


WN J0528+6549 




K13 


K 


1920 


WN J0538+7348 




L15 


rs 


3000 






K13 


K 


1920 


TN J0552-0433 




E2 


R 


600 


MP J0601-3926 




CI 


Ks 
K' 


3840 


WN J0610+6611 




K13 


1920 


WN J0617+5012 


3.153 


L6 


rs 


2550 






K4 


K S 


2880 


WN J0633+4653 




L15 


rs 


3600 


WN J0716+5107 




L15 


rs 


3300 






K13 


K' 


1920 


WN J0717+4611 


1.462 


L6 


rs 


900 


WN J0741+5611 




L7 


rs 


2400 






K7 


K 


1500 


WN J0747+3654 


2.992 


L7 


rs 


900 






K13 


K' 


1260 


WN J0813+4828 


1.274 


L7 


rs 


2700 






K7 


Ks 


1920 


TN J0837-1053 




E2 


R 


600 


TN J0855-0000 




E2 


R 


900 


TN J0856-1510 




E3 


R 


900 






K13 


K' 


3360 


TN J0910-2228 




E3 


R 


900 


TN J0920-0712 


2.760 


E3 


R 


300 


TN J0924-2201 


5.19 


E3 


R 


900 






K7 


Ks 


3840 


TN J0936-2243 


1.479 


E3 


R 


900 






K7 


Ks 


960 


TN J0941-1628 


1.644 


E2 


R 


900 


WN J0948+6305 




L15 


rs 


2100 


WN J1015+3038 


0.54: 


K7 


Ks 


960 


TN J1026-2116 




E3 


R 


900 






K7 


K 


960 


TN J1033-1339 


2.425 


E3 


R 


900 






K10 


Ks 


2880 


TN J1043-1718 




E3 


R 


900 


TN J1049-1258 




E2 


R 


600 






K7 


K 


900 


WN J 1053+5424 




L7 


rs 


3240 






K10 


Ks 


1920 


WN J1055+3047 




L7 


rs 


2400 






K7 


Ks 


960 


TN J1102-1651 


2.111 


E2 


R 


900 


TN J1112-2948 


3.09 


E2 


R 


600 
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Table 3 — Continued 



Source 


z 


Run 


Filter 




AA7M Till ^J_^ni fi 
WIN JlllO-f-OUlO 


2 54 


T 7 
Li I 


rs 


91 nn 

Z 1UU 






K7 


rvs 


960 


TN J1123— 2154 


4.109 


E2 


R 


900 






K7 


Ka 

i^ s 


960 


WN J1123+3141 


3.217 


L3 


T S 


2700 






K10 


Kg 


1920 


TN J1146— 1052 




W5 


i? 


600 


TN J1148 — 0901 




W5 


R 


600 


TN J1151 — 3013 




E3 


R 


900 






K10 


JV S 


1920 


TN J1159 — 1629 




E3 


-R 


600 


WN J1224+5436 




W5 


R 


600 






K10 


K 


1920 


WN J1242+3915 


2.131 


L7 


T S 


3840 






K7 


Kg 


960 


WN J1258+3212 




L9 




3300 






K13 


k' 


1 9fin 

1ZOU 


^A7"N T 1 "3 1 A 4_'3fi/1 Q 




\ATA 
VV 4: 


Li, 


DUU 






K7 


K 


960 


WN T1 1^14-10^7 


1 213 


W4 


R 


600 


TN T1 1 Q49 
± in j looo — 


4 11 


E3 


R 


600 






T^7 
IV f 


K 


O04U 


WIN 1000-1-0041:0 




AAM 

VV 4: 


Li. 


DUU 






K10 


I\ s 


1920 


WN T1 49n-4-fi71 c i 
W IN J I'IZUtD 1 OO 




W5 


R 


600 






K10 


K 


1920 


AA7"N T1 A Q1 l Q1 no 
VV IN J 14tZl-|-OlUo 




W5 


p 

Li. 


600 


TN T 1 4984-9/19 ^ 

1 IN J lliiOT ZfiZO 




K10 


!<■■_ 
J\ $ 


1920 


WN T1 4-^^-1-^044 




W4 


R 


600 






K7 


I\ s 


960 


AA7"N T 1 A cin_l_^i K"iA 
WIN J 140U-|-0004 




W r 5 


p 
IX 


DUU 






K10 


K 


1920 


AAfN T1 ^nn i qri 

VV IN J IOUUtODIO 




L9 




1800 


TN T1 c infi4-9798 

1 IN t ) lOUUTi I ZO 




K10 


IS. s 


1920 


AAfN T1 ^9^_L ,: inin 
VV IN J IOzOtOUIU 




AAM 

VV 4: 


Li, 


DUU 






K7 


K 


1 2 


AA7"N T 1 ^9Q4_'3/I ^/l 
VV IN J 10zy-|-O4O4 




AAf^ 

VV 


7? 
IX 


DUU 


AA7"N T1^/l^i_L-T^19 
WIN JlO^iOi-OOlZ 


n 7m 
U. 1 uo 


AAM 

VV 4: 


Li. 


DUU 


WIN J 1040toUU0 




AAM 

VV 4: 


is, 


DUU 


AAfN T1 X.A fi_l_'iQ'i ^ 
WIN J104D-|-oyoO 




\ATA 

VV 4: 


D 
IX 


DUU 


VV IN J IOOUtOOOU 




L9 




1200 






K10 




1920 


AAfN TI ^^^4-401 1 




K10 


K 


960 


AAfN TI fifl/l-L^^n^ 
WIN J lDU4-f-OOUO 




K10 




i Q9n 
i y z u 


TN TI fi^/l 9999 
1 IN J 1004: — AZAZ, 






p 
is. 


fin 

DU 


WN TI fi4 c i4-441 3 
WIN JlUldTttlO 




K10 


J\ s 


960 


AAfN TI 71 84-^89'? 
VV IN J 1 1 lOTUO^O 




L13 




3600 


AAfN TI 7^1 J-ARACi 
WIN J 1 ( oli-4D4U 




K10 


K 


i fifin 

loDU 


WN T17^14-4fi c i4 
VV IN J 1 t OJ-T^ftOOfi 




L10 




900 






K10 




840 


1VTP TI 7^^ fiQI fi 

ivijr ji / oo — oy 10 


2 551 


C2 


K 


2880 


A/TP TI 7^8 fi7^8 
IvlJr Jli Oo — D 1 Oo 


2 026 


C2 


K 


1560 


AA7"N T 1 Sn94_'3Q/1 8 
VV IN J loU^TOy4o 




L13 


rs 


"3finn 

ODUU 


AA7"N T 1 Sfl/I A-ir\A 8 
VV IN J loU4-f-oU4o 




K10 


f^s 


960 


AA7"N TI SI fi_L^S^9 




K10 


K 


1920 


AA^N T 1 8 1 S4_fi1 /I /I 
VV IN J loloi~0144 




K10 


K 


Qfin 
you 


AA7"N T1S9Q4_^Q/1^ 
VV -\ J 1 oZ ;J — i ))) 1- > 




L13 


rs 


DDU 


AA7"N T 1 S^fl-Lfi/I 99 
VV IN J 1oOUtD4ZZ 




L13 


r$ 


oyuu 


AA/"N TI 8^4-^91 D 
VV IN J lOOUTJi 1U 




K10 


K 


960 


AAfN TI 8^04-^000 

vv in j looyToyuu 




W5 


R 


600 


WN TI 8^0,4-^41 fi 
VV IN J 15OyT041D 




W5 


R 


600 


AAfN TI Q1 1 J-fi'ZAO 
WIN j iyii-|-Do4z 


o.oyu 


K10 


K 


Qfin 
you 


AA7"N T 1 Q1 74_fifi*3 ^ 
WIN Jlyl(-T"DOOO 




K10 


K 


Qfin 
you 


A TP TI Q9Q ^7^9 


748 


C2 


K 


2880 


TN T1Q/11 inco 
1 IN J iy4: 1 — lyOz 




K12 


K 


8/i n 

04:U 


TN TI Q^A 1 9fl7 

i in j iyo4: — izu / 




K10 


K 


Qfin 
you 


MP J2003-8340 


1.169 


C2 


K 


3840 


TN J2007-1316 




K12 


K s 


780 


TN J2008-1344 




PI 


r 


900 


TN J2009-3040 




K10 


K 


1440 


TN J2028-1934 




PI 


r 


900 






K12 


K s 


1320 


WN J2044+7044 




L15 


rs 


3300 






K10 


K s 


1560 


MP J2045-6018 


1.464 


C2 


K 


2460 


MP J2048-5750 


1.262 


C2 


K 


2880 


MP J2126-5439 




C2 


K 


2880 


WN J2213+3411 




L13 


rs 


3900 






K12 


K S 


1560 


WN J2221+3800 




PI 


r 


900 


WN J2222+3305 




L15 


rs 


600 
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Table 3 — Continued 



Source z Run Filter t ea ;p(s) 



MP J2226-7654 


C2 


if 


1680 


WN J2250+4131 


K12 


A' 


1560 


WN J2313+4053 2.99 


L15 


rs 


120 


WN J2313+4253 


K12 


K 


1080 


TN J2314+2053 


L10 


rs 


840 




K12 


K 


1800 


MP J2352-6154 


C2 


K 


3840 



Table 4 
Observational Setup 



Telescope 


Instrument 


Filter 


FOV a 


Pixel scale 


Keck 


LRIS 


/ 


6'x7.'8 


0"212 ± O'/OOl 


WHT 


PFIP+EEV42 


R 


8'xl6' 


0"236 ± O'/OOl 




PFIP+LOR2 


R 


9'x9' 


0"2631 ± 0'.'0006 


ESO 3.6m 


EFOSC1 


R 


5f2x5^2 


0"6075 ± 0"0007 


Lick 3m 


Kast 


rs 


145" x 145" 


0"789 ± 0'/0035 


Palomar 60" 


CCD13 


r 


12f9xl2f9 


0"3786 ± 0"0005 


Keck 


NIRC 


K,K S ,K' 


38"4x38"4 


0"1516 ± 0'.'0016 


CTIO 4m 


CIRIM 


K,K S 


54"x54" 


0"219 ± 0'.'007 



a Ficld of view of a single exposure; the combined images might be significantly 
larger due to the dithering applied. 
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Table 5 






ASTROMETRIC DATA 




Source 


"J2000 


5.72000 




h m s 


ol II 



WN J0000+4654 


Radio 


00 


00 


28.88 


+46 


54 


40.7 




IR 


00 


00 


28.93 


+46 


54 


40.9 




A IR 


00 


00 


29.25 


+46 


54 


53.8 


WN J0007+3641 


Radio 


00 


07 


02.92 


+36 


41 


55.9 




Opt 


00 


07 


02.80 


+36 


41 


55.8 




A opt 


00 


07 


04.92 


+36 


42 


09.3 


WN J0034+4142 


Radio 


00 


34 


29.21 


+41 


42 


09.5 




IR 


00 


34 


29.10 


+41 


42 


15.7 




A IR 


00 


34 


30.38 


+41 


42 


06.5 


WN J0040+3857 


Radio 


00 


40 


56.23 


+38 


57 


30.0 




Opt 


00 


40 


56.19 


+38 


57 


29.8 






00 


40 


59.27 


+38 


57 


19.8 


MP J0100-6403 


Radio 


01 


00 


32.42 


-64 


03 


13.6 




IR 


01 


00 


32.27 


-64 


03 


14.4 




A IR 


01 


00 


29.39 


-64 


03 


11.4 


TN J0102-1055 


Radio 


01 


01 


59.99 


-10 


55 


56.0 




IR 


01 


02 


00.01 


-10 


55 


54.5 




A IR 


01 


02 


00.76 


-10 


56 


10.1 


MP J0114-3302 


Radio 


01 


14 


37.06 


-33 


02 


10.2 




IR 


01 


14 


36.64 


-33 


02 


11.3 




A IR 


01 


14 


35.69 


-33 


02 


20.2 


WN J0117+3715 


Radio 


01 


17 


10.02 


+37 


15 


16.3 




IR 


01 


17 


10.10 


+37 


15 


16.3 




A IR 


01 


17 


09.61 


+37 


15 


06.2 


TN J0121+1320 


Radio 


01 


21 


42.74 


+13 


20 


58.3 




IR 


01 


21 


42.76 


+13 


20 


58.1 




A IR 


01 


21 


44.52 


+13 


20 


58.5 


MP J0130-8352 


Radio 


01 


30 


07.46 


-83 


52 


29.6 




IR 


01 


30 


08.88 


-83 


52 


33.0 




A IR 


01 


30 


08.46 


-83 


52 


17.5 


WN J0137+3250 


Radio 


01 


36 


59.85 


+32 


50 


40.7 




Opt 


01 


36 


59.86 


+32 


50 


38.5 




A opt 


01 


37 


03.40 


+32 


51 


05.9 


MP J0141-6941 


Radio 


01 


41 


55.18 


-69 


41 


33.0 




IR 


01 


41 


55.01 


-69 


41 


33.1 




A IR 


01 


41 


56.70 


-69 


41 


15.3 


WN J0155+8036 


Radio 


01 


55 


43.77 


+80 


36 


48.1 




Opt 


01 


55 


43.85 


+80 


36 


50.3 




A opt 


01 


55 


39.96 


+80 


36 


29.2 


TN J0201-1302 


Radio 


02 


01 


15.80 


-13 


02 


19.4 




IR 


02 


01 


15.75 


-13 


02 


18.8 




A IR 


02 


01 


14.26 


-13 


02 


28.5 


MP J0202-5425 


Radio 


02 


02 


56.25 


-54 


25 


13.3 




IR 


02 


02 


56.25 


-54 


25 


13.7 




A IR 


02 


02 


53.69 


-54 


25 


23.7 


TN J0205+2242 


Radio 


02 


05 


10.69 


+22 


42 


50.2 




IR 


02 


05 


10.71 


+22 


42 


51.1 




A IR 


02 


05 


11.78 


+22 


42 


34.2 


TN J0218+0844 


Radio 


02 


18 


25.56 


+08 


44 


31.3 




A opt 


02 


18 


25.02 


+08 


43 


51.5 


WN J0231+3600 


Radio 


02 


31 


11.48 


+36 


00 


26.6 




Opt 


02 


31 


11.13 


+36 


00 


23.8 




A opt 


02 


31 


09.95 


+36 


00 


52.0 


MP J0249-4145 


Radio 


02 


49 


10.08 


-41 


45 


36.3 




A IR 


02 


49 


10.41 


-41 


45 


55.8 


WN J0303+3733 


Radio 


03 


03 


26.01 


+37 


33 


41.6 




Opt 


03 


03 


26.09 


+37 


33 


41.0 




A opt 


03 


03 


26.40 


+37 


34 


10.6 


WN J0305+3525 


Radio 


03 


05 


47.42 


+35 


25 


13.4 




IR 


03 


05 


47.58 


+35 


25 


13.3 




A IR 


03 


05 


47.76 


+35 


25 


33.2 


WN J0310+3644 


Radio 


03 


10 


54.80 


+36 


44 


02.5 




Opt 


03 


10 


54.77 


+36 


44 


03.2 




A opt 


03 


10 


53.38 


+36 


44 


18.7 


MP J0340-6507 


Radio 


03 


40 


44.92 


-65 


07 


07.3 




IR 


03 


40 


45.33 


-65 


07 


08.0 




A IR 


03 


40 


50.15 


-65 


07 


00.7 
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Table 5 — Continued 



Source 



WN J0346+3039 


Radio 




IR 




A IR 


WN J0359+3000 


Radio 




IR 




A IR 


TN J0402+1007 


Radio 




IR 




A IR 


TN J0410+1019 


Radio 




IR 




A IR 


MP J0449-5449 


Radio 




IR 




A IR 


TN J0452-1737 


Radio 




IR 




A IR 


TN J0517-0641 


Radio 




Opt 




A opt 


WN J0528+6549 


Radio 




IR 




A IR 


WN J0538+7348 


Radio 




IR 




A IR 


TN J0552-0433 


Radio 




Opt 




A opt 


MP J0601-3926 


Radio 




IR 




A IR 


WN J0610+6611 


Radio 




IR 




A IR 


WN J0617+5012 


Radio 




IR 




A IR 


WN J0633+4653 


Radio 




A opt 


WN J0716+5107 


Radio 




IR 




A IR 


WN J0717+4611 


Radio 




Opt 




p^opt 


WN J0741+5611 


Radio 




p^opt 




A IR 


WN J0747+3654 


Radio 




IR 




A IR 


WN J0813+4828 


Radio 




IR 




A IR 


TN J0837-1053 


Radio 




A opt 


TN J0855-0000 


Radio 




A opt 


TN J0856-1510 


Radio 




A opt 


TN J0859-1510 


Radio 




A IR 


TN J0910-2228 


Radio 




Opt 




A opt 



Q J2000 <5./2000 
h m s °"' 



03 


46 


42 


60 


+30 


39 


51 


.0 


03 


46 


42 


.55 


+30 


39 


50 


.7 


03 


46 


43 


.67 


+30 


39 


35 


.5 


03 


59 


12 


.86 


+30 


00 


51 


,7 


03 


59 


12 


.89 


+30 


00 


55 


.0 


03 


59 


11 


.44 


+30 


00 


43 


1 


04 


02 


34 


.44 


+10 


07 


14, 


9 


04 


02 


34 


.44 


+10 


07 


15 


,1 


04 


02 


35 


.13 


+ 1 


06 


52, 


5 


04 


10 


40 


.52 


+10 


19 


13 


6 


04 


10 


40 


.56 


+10 


19 


13 


.8 


04 


10 


40. 


38 


+ 1 


19 


35 


.3 


04 


49 


01 


.66 


—54 


49 


10 


,1 


04 


49 


04 


73 


-54 


49 


07 


.9 


04 


49 


02 


08 


—54 


48 


38. 


.6 


04 


52 


26 


.66 


— 17 


37 


54 


.0 


04 


52 


26 


68 


— 17 


37 


54 





n i 

U 1 




9fi 
zu. 


ou 


1 7 


o i 


Ou. 


n 

y 


05 


17 


36 


89 


—06 


41 


14 


5 


05 


17 


36 


85 


—06 


41 


14 


5 


05 


17 


38 


25 


—06 


40 


57 





05 


28 


46 


07 


+65 


49 


57 


.3 


05 


28 


46 


.03 


+65 


49 


58 


.0 


05 


28 


44. 


.65 


+65 


49 


48 


6 


05 


38 


25 


59 


+73 


48 


39 


6 


05 


38 


25 


.61 


+73 


48 


39 


.6 


05 


38 


35 


39 


+73 


48 


42 


8 


05 


52 


14 


.38 


—04 


33 


28 


.8 


05 


52 


14 


.30 


—04 


33 


26 


.9 


05 


52 


11 


.68 


—04 


33 


41 


,2 


06 


01 


00 


77 


-39 


26 


18 


,1 


06 


01 


00 


.74 


-39 


26 


15 


.5 


06 


01 


01 


67 


—39 


26 


27. 





06 


10 


08 


59 


+66 


11 


43 


,1 


06 


10 


08 


.47 


+66 


11 


41 


9 


06 


10 


09 


61 


+66 


11 


15 


.0 


06 


17 


39 


37 


+50 


12 


54, 


7 


06 


17 


39 


40 


+50 


12 


53 


,2 


06 


17 


38 


.96 


+50 


12 


28 


.3 


06 


33 


52 


18 


+46 


53 


40 


.5 


06 


33 


50 


38 


+46 


53 


09 


.2 


07 


16 


40 


50 


+51 


07 


04, 


7 


07 


16 


40 


50 


+51 


07 


06 


.4 


07 


16 


39 


32 


+51 


07 


06 


.6 


07 


17 


58 


49 


+46 


11 


39 


1 


07 


17 


58 


.47 


+46 


11 


38 


.9 


07 


18 


00 


56 


+46 


11 


24 


.8 


07 


41 


15 


.38 


+56 


11 


35 


9 


07 


11 


19 


.92 


+56 


11 


11 


.6 


07 


11 


14 


.89 


+56 


11 


51 


2 


07 


47 


29 


.38 


+36 


54 


38 


1 


07 


47 


29 


37 


+36 


54 


37 


.9 


07 


17 


31 


.05 


+36 


54 


33 


7 


08 


13 


38 


10 


+48 


28 


41. 


5 


08 


13 


38 


01 


+48 


28 


41 


.0 


08 


13 


36 


70 


+48 


28 


17 


,1 


08 


37 


41 


.62 


-10 


53 


46 





08 


37 


42 


,14 


-10 


54 


04 


,8 


08 


55 


57 


26 


-00 


00 


58 


,2 


08 


55 


56 


.66 


-00 


00 


52 


.5 


08 


56 


12 


.44 


-15 


10 


35 


.7 


08 


56 


14 


.93 


-15 


10 


44 


.1 


08 


56 


12 


.44 


-15 


10 


35 


.7 


08 


56 


11 


.20 


-15 


10 


24 


.3 


09 


10 


34 


.15 


-22 


28 


47 


,4 


09 


10 


34 


.14 


-22 


28 


46 


,7 


09 


10 


32 


.51 


-22 


28 


26 


,4 
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Table 5— 


Continued 




Source 




«J2()()() 


^J2000 






h m s 


01 11 


TN J0920-0712 


Radio 


nn on oo a q 
Uy ZU ZZA6 


-07 12 17.6 




vjpt 


no on oo a i 
Uy ZU ZZAY 


-07 12 18.4 




A 1 


no on 0*3 qc^ 
uy ZU Zo.oo 


-07 12 24.4 


TN J0924-2201 


Jxaaio 


nn O/i 1 n oo 
uy Z4 ly.yz 


-22 01 41.5 




TR 


HQ OA 1 Q 

uy z^i iy. yo 


-22 01 41.4 




A IR 
A 


no n /i on /i o 

Uy z4 ZU.4o 


-22 01 22.6 


TN J0936-2243 


Radio 


nn Qfi qo c;q 
Uy oo oZ.Oo 


-22 43 04.9 




lix-lNortri 


nn Qfi qo c;/i 
Uy oo oz. 04 


-22 43 01.7 




TR Qmi+Vi 
llx-oOULIl 


nn qo fin 
uy oo oz. OU 


-22 43 05.4 




A IR 
A 


nn or. oa r\a 
Uy ob o4.Uo 


-22 43 01.3 


TN J0941-1628 


Radio 


nn /i i (17 a o 
Uy 41 U(.4o 


-16 28 02.5 




vjpt 


nn a i ri7 /i q 
Uy 41 U/.4D 


-16 28 02.6 




A OT)t 

A y 


nn /ii no qi 
Uy 41 Uo.ol 


-16 27 50.3 


WN J0948+6305 


Radio 


nn a q /in qq 
uy 40 4U.oo 


+63 05 42.0 




\J\Jh 


nn aq Afi qo 
Uy 40 4U. OZ 


+63 05 42.2 




A opt 
A 1 


nn a o /in 1 n 

Uy 40 4U.1U 


+63 05 34.0 


WN J1015+3038 


Radio 


in k no no 

iu io uo.yz 


+30 38 02.0 




IR 


iu 10 uo.yo 


+30 38 02.9 




a IR 

A 


in i k n7 1 £ 
IU 10 U / .10 


+30 37 50.5 


TN J1026-2116 


Radio 


1 0. 9fi 99 0.7 
IU ZO ZZ.o/ 


-21 16 07.7 




TR 


1 9fi 99 


-21 16 07.7 




A IR 
A 


i n oc oi no 
IU ZD Zl.yz 


-21 16 19.6 


TN J1033-1339 


Radio 


1 n qq 1 n 7n 
IU oo IU. /u 


-13 39 52.0 




TR 

1X\ 


in qq in «7 

IU OO 1U.O I 


-13 39 52.2 




A IR 
A 


in qq iq nc; 
IU oo lo.UO 


-13 40 01.5 


TN J1043-1718 


Radio 


in /|Q in /io 
IU 40 iy.4Z 


-17 18 53.5 






1 0. zl^ 9fl ^9 
IU 40 ZU.OZ 


-17 18 44.9 




A 1 


i n a q on c;o 

IU 40 ZU.OZ 


-17 18 44.8 


TN J1049-1258 


Radio 


i n /in na 99 
iu 4y UD. zz 


-12 58 18.3 




IR 


1 4Q Ofi 9fi 

IU ^±y UD.ZrD 


-12 58 18.9 




A IR 

A 


1 n /i ok 70 
IU 4y UD. I 


-12 58 42.1 


WN J1053+5424 


Radio 


1 n r:q of. QI 
IU 00 OD.Ol 


+54 24 42.1 




TR 


in c:q op. 90 

IU OO OD.ZO 


+54 24 42.3 




A IR 
A 


in c; q 9c nn 
IU 00 OD.yU 


+54 24 57.9 


WN J1055+3047 


Radio 


1 n c; c 10 e;o 
IU 00 lo.OZ 


+30 47 23.2 




TR 


in k iq a a 
IU 00 10.44 


+30 47 23.3 




A IR 
A 


in ctr 1"7 /in 

IU 00 17. 42 


+30 47 24.9 


TN J1102-1651 


Radio 


I 1 no AT 1 

II Uz 4/.lo 


-16 51 34.4 




Upt 


1 1 no AT iq 
1 1 UZ 4 / .10 


-16 51 35.2 




A ovt 
A y 


I 1 no a a. tz.a. 

II Uz 40.00 


-16 51 00.9 


TN J1112-2948 


Radio 


11 IO OQ Qfi 
11 1Z Zo.oO 


-29 48 06.4 




wpx 


11 IO 9Q QQ 

11 iz zo. yo 


-29 48 06.6 




A 


11 IO OA X.A 
11 IZ Z^t.04 


-29 48 16.2 


WN J1115+5016 


Radio 


11 1 ^ flfi £.7 
1 1 IO UD.O 1 


+50 16 23.9 




IR 


11 1 o 0(S Qfl 


+50 16 24.5 




A IR 
A 


11 1 f; ok 7n 
11 10 ud. ( y 


+50 16 39.8 


TN J1123-2154 


Radio 


1 1 9Q 1 n 1 £ 
11 ZO 1U.10 


-21 54 05.3 




TR 

irv 


1 1 oq in 10 
11 ZO 1U.10 


-21 54 04.8 




A IR 
A 


I 1 OQ in OK 

II Zo lU.oO 


-21 54 03.4 


WN J1123+3141 


Radio 


I 1 OQ c; c; or 

II Zo 00. oO 


+31 41 26.1 




TD 

1x1 


I 1 OQ c; c; qq 

II Zo OO.00 


+31 41 26.5 




A IR 

A 


11 zo 00. ZO 


+31 41 04.7 


TN J1146-1052 


Radio 


11 /1ft H7 OI 
11 4D U / .Zl 


-10 52 08.6 




vjpt 


I 1 AG. f!7 Oft 

II 4D U ( .ZD 


-10 52 07.1 




A ovt 
A y 


11 a a no a a. 
11 4o Uo.4b 


-10 52 30.3 


TN J1148-0901 


Radio 


11 a q Qn on 
11 40 Oy.yU 


-09 01 48.8 




vjpt 


11 /i q Qn nv 
11 40 oy.y/ 


-09 01 49.6 




A ovt 
A y 


11 AQ AO ~\ A 

11 40 4Z.14 


-09 01 41.3 


TN J1151-3013 


Radio 


11 c;i en /io 

11 Ol oy.4z 


-30 13 40.8 




IR 


11 ol oQ o4 


-30 13 40.6 




A IR 


11 51 59.62 


-30 13 48.1 


TN J1159-1629 


Radio 


11 59 53.25 


-16 29 48.2 




Opt 


11 59 53.30 


-16 29 47.9 






11 59 51.29 


-16 29 07.8 


WN J1224+5436 


Radio 


12 24 52.35 


+54 36 39.9 




IR 


12 24 52.32 


+54 36 40.1 




a ir 


12 24 49.21 


+54 36 40.2 
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Table 5 — Continued 



Source 



WN J1242+3915 Radio 
IR 

A IR 

WN J1258+3212 Radio 
IR 
a ir 

WN J1314+3649 Radio 
IR 

A IR 

WN J1333+3037 Radio 
Opt 

A opt 

TN J1338-1942 Radio 
IR 

A IR 

WN J1355+3848 Radio 
IR 

A IR 

WN J1420+6735 Radio 
IR 

A IR 

TN J1428+2425 Radio 
A IR 

WN J1433+3044 Radio 
IR 

A IR 

WN J1450+3534 Radio 
IR 

A IR 

WN J1500+3613 Radio 
Opt 

A opt 

TN J1506+2728 Radio 
IR 

A IR 
B IR 

WN J1525+3010 Radio 
IR 

A IR 

WN J1529+3454 Radio 
Opt 

A opt 

WN J1543+3512 Radio 
Opt 

A opt 

WN J1546+3005 Radio 
Opt 

A opt 

WN J1550+3830 Radio 
IR 

A IR 

WN J1555+4011 Radio 
IR 

A IR 

WN J1604+5505 Radio 
IR 

A IR 

TN J1634-2222 Radio 

A opt 

WN J1645+4413 Radio 
IR 

A IR 

WN J1718+5823 Radio 
Opt 

A opt 

WN J1731+4640 Radio 
IR 



Q J2000 <5j2000 
h m s °"' 



12 


42 


53 


09 


+39 


15 


18 


5 


12 


42 


53 


08 


+39 


15 


17 


.6 


12 


12 


^9 
oz 


09 
uz 


+ 3Q 

Toy 


1 r i 

lO 


30 
ou. 


2 


12 


58 


23 


62 


+32 


12 


42 


4 


12 


58 


23 


.63 


+32 


12 


40 


.8 


12 


oo 


9 r i 
ZO 




-t-oz 


12 


ou 


4 


13 


14 


17 


86 


+ 3fi 


19 


14 


5 


13 


14 


17 


.80 


+36 


19 


14 


.6 


13 


14 


17 


74 


+36 


18 


58 


9 


13 


33 


21 


.20 


+30 


37 


35 




13 


33 


21 


20 


+30 


37 


34 


8 


13 


33 


23 


15 


+30 


37 


37 


.6 


13 


38 


26 


.06 


-19 


42 


30 


.1 


13 


38 


26 


14 


-19 


42 


31 


.3 


13 


38 


26 


09 


— 19 


42 


11 


.0 


13 


55 


29 


50 


+38 


18 


11 


1 


13 


55 


29 


.51 


+38 


48 


12 





13 


55 


28 


.04 


+38 


48 


08 


1 


14 


20 


03 


.34 


+67 


55 


07 


,5 


14 


20 


03 


.26 


+67 


35 


06 





11 


zu 


07 
u 1 


12 


+ fi7 


31 
O 1 


OO 


Q 
.O 


14 


28 


10 


.20 


+24 


25 


11 


3 


14 


28 


11 


.91 


+24 


25 


24 


.0 


14 


33 


56 


.51 


+30 


44 


25 


.5 


14 


33 


56 


.44 


+30 


44 


25 





14 


33 


55 


82 


+30 


44 


33 


1 


14 


50 


20 


69 


+35 


34 


46 


5 


14 


50 


20 


.70 


+35 


34 


47 


1 


14 


50 


19 


.27 


+35 


34 


19 


5 


15 


00 


09 


01 


+ 3fi 


13 


25 




15 


00 


09 


04 


+ 36 


13 


27 


.8 


15 


00 


07 


69 


+ 36 


13 


51 


4 


15 


06 


35 


41 


4-97 

! Z / 


28 


55 


Q 


15 


06 


35 


41 


+27 

! Z i 


28 


56 





10 


uu 


33 


80 


+97 
tz / 


9Q 
zy 


1 
1U 


o 
u 


15 


06 


36 


56 


+27 


28 


16 


.8 


10 


zO 


Ul. 


91 
Zl 


i on 
+OU 


1 o 
10 


30 

ou. 


Z 


10 


ZO 


01 


93 
. ZO 


+ 30 

+ OU 


1 
1U 


90 


. o 


15 


25 


01 


71 


+30 


10 


54 


5 


10 


9Q 

zy 


A 1 
11 


UZ 


+o4 


01 


3 1 
ol 


Q 
O 


10 


90 

zy 


11 


/1 ^ 
/10 


+ 34 


^1 
Ol 


90 


n 

;j 


10 


90 


oy. 


Ofi 

Uo 


3 .1 

+34 


ol 


on 


1 

1 


10 




9Q 

zy . 


/10 


+ 3^ 

i-00 


1 9 
1Z 


90 
Z:J. 


7 


15 


13 


29 


.60 


+35 


12 


27 


,8 


15 


43 


28 


27 


+3^ 


12 


15 


1 


15 


16 


57 


65 


+ 30 


05 


38 


1 


15 


46 


57 


.72 


+ 30 

TOW 


05 


39 


.0 


15 


46 


55 


.61 


+ 30 
Tow 


05 


33. 


,8 


15 


50 


19 


.42 


+38 


30 


14. 


.8 


15 


50 


19 


.47 


+38 


30 


13 


4 


15 


50 


20 


79 


+38 


29 


55 


g 


15 


55 


02 


50 


+40 


11 


58 


1 


15 


55 


02 


.49 


+40 


11 


58 


4 


15 


55 


02 


41 


+40 


11 


43 


g 


16 


04 


21 


.91 


+55 


05 


45. 


4 


16 


04 


21 


95 


+55 


05 


45 


.1 


16 


04 


19 


99 


+55 


05 


31 





16 


34 


49. 


.79 


-22 


22 


12 


,7 


16 


34 


50 


.24 


-22 


22 


29 


1 


16 


15 


35 


.69 


+44 


13 


42. 


1 


16 


15 


35 


.73 


+44 


13 


13 


1 


16 


15 


37 


60 


+44 


13 


42 


.2 


17 


18 


18 


.51 


+58 


23 


21 


8 


17 


18 


18 


51 


+58 


23 


21 


.8 


17 


18 


14 


.16 


+58 


22 


58 


.0 


17 


31 


16 


10 


+46 


40 


03 


1 


17 


31 


46 


.02 


+46 


10 


03 


.4 
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Table 5 — Continued 



Source 



a ir 

WN J1731+4654 Radio 

A IR 

MP J1755-6916 Radio 
IR 

A IR 

MP J1758-6738 Radio 
IR 

A IR 

WN J1802+3948 Radio 

A °pt 

WN J1804+3048 Radio 
IR 

A IR 

WN J1818+3852 Radio 
IR 

A IR 

WN J1818+6144 Radio 
IR 

A IR 

WN J1829+5945 Radio 

A opt 

WN J1830+6422 Radio 

A °pt 

WN J1836+5210 Radio 
IR 

A IR 

WN J1859+5900 Radio 
Opt 

A opt 

WN J1859+5416 Radio 
Opt 

A opt 

WN J191 1+6342 Radio 
IR 

A IR 

WN J1917+6635 Radio 
IR 

A IR 

MP J1929-3732 Radio 
IR 

A IR 

TN J1941-1952 Radio 
IR 

A IR 

TN J1954-1207 Radio 
IR 

A IR 

MP J2003-8340 Radio 
IR 

A IR 

TN J2007-1316 Radio 
IR 

A IR 

TN J2008-1344 Radio 

A opt 

TN J2009-3040 Radio 
IR 

A IR 

TN J2028-1934 Radio 
IR 

A IR 

WN J2044+7044 Radio 
IR 

A IR 

MP J2045-6018 Radio 



Q J2000 <5j2000 
h m s °"' 



17 


31 


48 


42 


+46 


39 


40.1 


17 


31 


59 


.63 


+46 


54 


00.2 


17 


32 


02 


07 


+46 


53 


25.2 


17 


32 


02 


66 


+46 


54 


08.3 


17 


55 


30 


.23 


-69 


16 


49.8 


17 


55 


30 


.02 


-69 


16 


51.7 


17 


55 


30 


.94 


-69 


17 


07.0 


17 


58 


51 


.25 


-67 


38 


30.5 


17 


58 


51 


.29 


-67 


38 


27.9 


17 


58 


51 


04 


-67 


38 


40.7 


18 


02 


31 


.65 


+39 


48 


59.6 


18 


02 


29 


.76 


+39 


48 


55.8 


18 


04 


42 


01 


+30 


48 


45.0 


18 


04 


42 


.03 


+30 


48 


45.4 


18 


04 


42 


.07 


+30 


48 


53.7 


18 


18 


42 


.17 


+38 


•52 


20.4 


18 


18 


42 


.02 


+38 


•52 


20.7 


18 


18 


41 


01 


+38 


•52 


37.0 


18 


18 


50 


55 


+61 


44 


18.4 


18 


18 


50 


58 


+61 


44 


18.3 


18 


18 


52 


08 




44 


08.0 


18 


29 


57 


26 


+59 


45 


03.2 


18 


30 


00 


12 


+59 


45 


10.7 


18 


30 


45 


.82 


+64 


22 


26.3 




'\C\ 
ou 


Af\ 
'i\> 


ot) 




22 


02 2 


18 


36 


23 


.22 


+52 


10 


28.4 


18 


36 


23 


20 


+52 


10 


29.3 


18 


36 


23 


04 


+52 


10 


42.8 


18 


59 


40 


,34 


+59 


00 


36.8 


18 


59 


40 


34 


+59 


00 


37.5 


18 


59 


39 


.21 


+59 


01 


10.5 


18 


59 


57 


.65 


+54 


16 


21.8 


18 


59 


57 


.70 


+54 


16 


22.0 


18 


59 


58 


11 


+54 


16 


14.1 


19 


11 


49 


.54 


+63 


42 


09.7 


19 


11 


49 


.53 


+63 


42 


10.5 


19 


11 


52 


.90 


+63 


41 


56.1 


19 


17 


35 


.50 


+66 


35 


38.5 


19 


17 


35 


.62 


+66 


35 


38.3 


19 


17 


40 


.24 


+66 


35 


39.8 


19 


29 


8.51 


-37 


32 


48.8 


19 


29 


08 


.60 


-37 


32 


47.8 


19 


29 


10 


.55 


-37 


32 


38.4 


19 


41 


00 


.07 


-19 


•52 


14.0 


19 


41 


00 


02 


-19 


•52 


14.3 


19 


41 


00 


.30 


— 19 


•52 


20.4 


19 


54 


24 


.15 


-12 


07 


48.7 


19 


54 


24 


.24 


-12 


07 


48.5 


19 


54 


24 


.17 


-12 


07 


39.3 


20 


03 


30 


73 


-83 


41 


00.0 


20 


03 


30 


43 


-83 


40 


58.7 


20 


03 


36 


.28 


-83 


40 


55.0 


20 


07 


53 


.23 


-13 


16 


43.6 


20 


07 


53 


23 


-13 


16 


43.6 


20 


07 


54 


30 


-13 


16 


52.7 


20 


08 


07 


,48 


-13 


44 


17.8 


20 


08 


06 


06 


-13 


44 


21.2 


20 


09 


48 


13 


-30 


40 


07.0 


20 


09 


48 


.08 


-30 


40 


07.4 


20 


09 


47 


90 


-30 


39 


52.9 


20 


28 


48 


.57 


-19 


34 


03.2 


20 


28 


48 


66 


-19 


34 


01.1 


20 


28 


50. 


.09 


-19 


33 


51.6 


20 


44 


57 


.80 


+70 


44 


03.8 


20 


44 


57 


.93 


+70 


44 


04.2 


20 


44 


53 


38 


+70 


44 


11.0 


20 


45 


21 


82 


-60 


18 


51.4 
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Table 5 — Continued 



Source 



IR 

A IR 

MP J2048-5750 Radio 
IR 

A IR 

MP J2126-5439 Radio 
IR 

A IR 

WN J2213+3411 Radio 
IR 

A IR 

WN J2221+3800 Radio 

A opt 

WN J2222+3305 Radio 
Opt 

A opt 

MP J2226-7654 Radio 
IR 

A IR 

WN J2250+4131 Radio 
IR 

A IR 

WN J2313+4253 Radio 
IR 

A IR 

TN J2314+2053 Radio 
IR 

A IR 

MP J2352-6154 Radio 
IR 

A IR 



a J2000 <5/2000 
h m S °"' 



20 


45 


21 


.31 


-60 


18 


54 


.7 


20 


45 


19 


.38 


-60 


18 


43 


.5 


20 


48 


36 


.64 


-57 


50 


47 


.5 


20 


48 


36 


.38 


-57 


50 


47 


.6 


20 


48 


37 


.92 


-57 


50 


18 





21 


26 


53 


.65 


-54 


39 


36 


.0 


21 


26 


53 


.66 


-54 


39 


35 


.5 


21 


26 


51 


.48 


-54 


39 


33 


9 


22 


13 


12 


.48 


+34 


11 


42 


.8 


22 


13 


12 


.00 


+34 


11 


47 


.2 


22 


13 


13 


.00 


+34 


12 


01 


.2 


22 


21 


49 


.53 


+38 


00 


38 


.4 


22 


21 


50 


.48 


+38 


00 


28 


3 


22 


22 


15 


.19 


+33 


05 


44 


1 


22 


22 


15 


.11 


+33 


05 


42. 


,7 


22 


22 


14 


.51 


+33 


05 


40. 


.1 


22 


26 


56 


.90 


-76 


54 


48 


.0 


22 


26 


57 


.37 


-76 


54 


49 


6 


22 


27 


03 


.57 


-76 


54 


52 


1 


22 


50 


51 


.16 


+41 


31 


16 


.4 


22 


50 


51 


.15 


+41 


31 


17 


.2 


22 


50 


50 


.62 


+41 


31 


13 


,7 


23 


13 


08 


.62 


+42 


53 


13 


.0 


23 


13 


08 


.31 


+42 


53 


13 


9 


23 


13 


09 


.42 


+42 


53 


09 


9 


23 


14 


56 


.04 


+20 


53 


37 


.4 


23 


14 


55 


.99 


+20 


53 


36 


.8 


23 


14 


51 


.62 


+20 


53 


54 


.0 


23 


52 


55 


.52 


-61 


54 


06 


9 


23 


52 


55 


.26 


-61 


54 


03 


.8 


23 


53 


00 


.82 


-61 


54 


15 


2 



Note. — 'Radio' indicates radio source position, 'Opt' 
optical identification, 'IR' near-IR identification, 'A op *' off- 
set star within optical image, and 'A IR ' offset star within 
near-IR image. 
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Table 6 



Optical Photometry of USS Sources 



Source 


z 


Run 


Filter 


Mag 
4" 


WN J0007+3641 




L13 


rs 


21.6 


WN J0034+4142 




L13 


rs 


>24.5 


WN J0040+3857 


2.606 


L15 


rs 


23. 3: f 


TN J0121+1320 


3.516 


L7 


rs 


>24 


WN J0137+3250 




L15 


rs 


23. 2 f 


WN J0155+8036 




L15 


rs 


22. 3 f 


TN J0205+2242 


3.506 


L7 


rs 


>24 


TN J0218+0844 




L10 


rs 


>22.5 


WN J0231+3600 


3.079 


K9 


I 


25.0 


WN .T0303+3733 


2.506 


L13 


rs 


23.2 


WN J0305+3525 




K9 


I 


>25 


WN J0310+3644 




K9 


I 


23.0 


WN J0359+3000 




L13 


rs 


>23.5 


TN J0402+1007 




L7 


rs 


>24 


TN J0452-1737 


2.256 


L7 


rs 


>23 


TN J0517-0641 




E2 


R 


24.0 


WN J0538+7348 




L15 


rs 


>24 


TN J0552-0433 




E2 


R 


22.9 


WN J0617+5012 


3.153 


W3 


R 


>24 


WN J0633+4653 




L15 


rs 


22.9: f 


WN J0716+5107 




L15 


rs 


>23.5 


WN J0717+4611 


1.462 


L6 


rs 


21.4 


WN J0741+5611 




L7 


rs 


>24 


WN J0747+3654 


2.992 


L7 


rs 


>23 t 


WN J0813+4828 


1.274 


L7 


rs 


23.9 


WN J0837-1053 




E2 


R 


>24.5 


TN J0855-0000 




E2 


R 


>24.5 


TN J0856-1510 




E3 


R 


>23.5 


TN J0910-2228 




E3 


R 


23.0 


TN J0920-0712 


2.760 


E3 


R 


22.4 


TN J0924-2201 


5.19 


E3 


R 


>24 


TN J0936-2243 


1.479 


E3 


R 


>24 


TN J0941-1628 


1.644 


E2 


R 


23.0 


WN J0948+6305 




L15 


rs 


22. 2 1 " 


WN J1015+3038 


0.54 


L8 


rs 


21.4 


TN J1026-2116 




E3 


R 


>24 


TN J1033-1339 


2.425 


E3 


R 


>24 


TN J1043-1718 




E3 


R 


>24 


TN J1049-1258 




E3 


R 


23.4 


WN J1053+5424 




L7 


rs 


>24 


WN J1055+3047 




L7 


rs 


22.8 


TN J1102-1651 


2.111 


E2 


R 


23.7 


TN J1112-2948 


3.09 


E2 


R 


21.5 


WN J1115+5016 


2.54 


L7 


rs 


>24 


TN J1123-2154 


4.109 


E2 


R 


>24.5 


WN J1123+3141 


3.217 


L7 


rs 


21.3 


TN J1146-1052 




W5 


R 


23.5 


TN J1148-0901 




W5 


R 


24.2 


TN J1151-3013 




E3 


R 


>24 


TN J1159-1629 




E2 


R 


23.4 


WN J1224+5436 




W5 


R 


24.4 


WN J1242+3915 


2.131 


L7 


rs 


23.6 


WN J1258+3212 




L9 


rs 


>24 


WN J1314+3649 




W4 


R 


>26 


WN J1333+3037 


1.213 


W4 


R 


22.5 


TN J1338-1942 


4.11 


E3 


R 


23.0 


WN J1355+3848 




W4 


R 


>25 


WN J1420+6735 




W5 


R 


>25 


WN J1433+3044 




W4 


R. 


>25 


WN .11450+3534 




W5 


R 


24.1 


WN J1500+3613 




L9 


rs 


22.3 


WN J1525+3010 




W4 


R 


25.3 


WN .11529+3454 




W5 


R 


24.1 


WN J1543+3512 


0.703 


W4 


R 


21.2 


WN J1546+3935 




W4 


R 


a 


WN J1546+3005 




W4 


R. 


22.4 


WN .T1550+3830 




L9 


rs 


22.8 


TN J1634-2222 




E3 


R 


>23 


WN J1718+5823 




L13 


rs 


23.0 


WN J1731+4654 




L10 


rs 


>23 t 


WN J1802+3948 




L13 


rs 


>24 


WN .11829+5945 




L13 


rs 


>23 


WN J1830+6422 




L13 


rs 


>24 


WN J1859+5900 




W5 


R 


22.9 


WN J1859+5416 




W5 


R 


20.3 


TN J2008-1344 




PI 


R 


>23 


TN J2028-1934 




PI 


R 


>23 


WN J2044+7044 




L15 


rs 


>24 


WN J2213+3411 




L13 


rs 


>24 


WN J2221+3800 




PI 


R 


>23 
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27 




2 4 6 8 

Aperture diameter ["] 

Fig. 1. — Enclosed ii"-band magnitude as a function of aperture diameter for our sample of USS radio sources. For the large majority of 
sources, most of the flux is enclosed in within a 2" aperture. 



Table 6 — Continued 



Source 


z 


Run 


Filter 


Mag 
4" 


WN .T2222+3305 




L15 


rs 


21. 6 f 


WN J2313+3842 




L15 


rs 


15. 8 f 


TN J2314+2053 




L10 


rs 


>23 



'Estimated from non-photometric conditions. 
a Nearby bright star prohibits measurement. 



Note. — Uncertain values are indicated with a 
colon. 
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Table 7 

i^— band Photometry and Morphology 





Source 




z 


Run 


Filter 


A(K) a 




Mag 
2" 




Mag 
4" 






Mag 
8" 




r hl 


Ellipticity 


PA 


Morphology 


WN 


J0000+4654 






K12 


K 





041 


18 


49 + 0.04 


17 


96 + 


04 


16 


65 + 


04 


0. 


3 




■ 

147° 


compact 


WN 


J0034+4142 






K12 


K 





025 


18 


80 + 0.05 


18 


56 + 


05 


18 


52 + 


10 


0? 


4 


0. 10 


36° 


compact 


MP 


J0100 — 6403 






C2 


K 





008 


19 


23 + 0.15 


18 


95 + 


17 


18 


61 + 


28 








" ' ' 


low S/N 


TN 


J0102-1055 






K12 


K 





010 


19 


45 + 0.06 


19 


03 + 


07 


18 


86 + 


12 


0? 


8 


0.48 


149° 


compact 


MP 


J0114— 3302 






C2 


K 





009 


18 


59 + 0. lit 


17 


94+0 


iot 


17 


66 + 


lBt 










low S/N 


WN 


J0117+3715 






K12 


K 





020 


18 


22 + 0.04 


17 


57+0 


04 


17 


28 + 


05 










companion 


TN 


J0121 + 1320 


3 


516 


K4 


1<S 





014 


19 


47+0.06 


19 


00 + 


06 


18 


76 + 


07 








85° 


companions 


MP 


J0130-S352 






C2 


K 





047 


18 


11 + 0. ogt 


17 


97+0 


iot 


18 


52 + 


3lt 










compact 


MP 


J0141 — 6941 






C2 


K 





010 


18 


06 + 0.09''' 


17 


62 + 


09t 


17 


36 + 


12t 


o'. 


6 






compact 


TN 


J0201-1302 






K12 


K 





007 


16 


93 + 0.03 


16 


50 + 


03 


16 


29 + 


03 








112° 


double 


MP 


J0202-5425 






C2 


K 





009 


18 


59 + 0.11 


17 


55 + 


08 


15 


82 + 


06 










compact 


TN 


J0205 + 2242 


3 


506 


K4 


K S 





037 


19 


30 + 0.06 


19 


08 + 


06 


18 


77 + 


07 


o'. 






172° 


compact 


MP 


J0249-4145 






C2 


K 





005 




>19.0 






















non-dctcction 


WN 


J0305 + 3525 






K12 


K 





094 


20 


84+0.11 


20 


12 + 


10 


19 


87+0 


16 










low jj. 


MP 


J0340-6507 






C2 


K 





044 


19 


07+0.16 


18 


52 + 


17 


18 


38 + 


34 










low S/N 


WN 


J0346+3039 






K12 


Kg 





163 


18 


98 + 0. 08t 


18 


28 + 


ost 


17 


78 + 


12t 










compact 


WN 


J0359+3000 






K12 


K s 


o 


182 


19 


03 + 0.07 


18 


72 + 


10 


18 


07+0 


13 










compact 


TN 


J0402 + 1007 






K4 


Kg 


o 


122 


17 


57 + 0.04 


17 


23 + 


04 


16 


99 + 


07 


o'. 


4 


0.18 


28° 


compact 


TN 


J0410+1019 






K12 


K 


o 


140 


18 


35 + 0.04 


17 


98 + 


04 


17 


83 + 


05 


o'. 




0.22 


1° 


compact 


MP 


.10449 — 5449 






C2 


K 





004 


18 


02 + 0.09 


17 


42 + 


09 


16 


11 + 


07 










com ct 


TN 


.10452— 1737 


2 


256 


K4 


K a 


o 


018 


19 


22 + 0.06 


18 


77+0 


06 


18 


39 + 


09 


o'. 


4 


0. 18 


66° 


compac 




,10528 + 6549 










o 


028 




81 + 04 














o' 






151° 




WN 


1 1 1 5 3 S | 7348 






K13 


K 






19 


67 + 06 


19 


42 + 


07 


19 


23 + 


11 


0. 




12 


115° 


compact 


MP 


J0601 — 3926 






CI 


K J 




('■'0 


19 


74 + 0.21 


19 


47+0 
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a Extinction in it — band, from H I column densities, 
t Estimated from non-photometric conditions. 
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The individual figures are available on http://www.strw.leidenuniv.nl/~debreuck/papers/ 

Fig. 2. — Cutout images of the 81 K— band detections. Each image is 8" X 8", and the origin is the position listed with 'IR' in Table 5. 
The vector next to the name indicates the position angle of the radio source, unless no high-resolution radio map is known. The images are 
oriented North up and East left. 
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Fig. 3. — Histogram of the K— band magnitudes measured in a 2" diameter aperture. Non detections are indicated by arrows. 
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Fig. 4. — Histogram of the R — K colors measured in a 4" diameter aperture. Non detections in the R— band are indicated by arrows. 
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Fig. 5. — Radio largest angular size plotted against K— magnitude in a 2" diameter aperture. Note that all the K > 20 sources are < 3", 
while brighter sources have a larger range of sizes. 



Imaging of USS sources 



33 




34 De Brcuck et al. 




Fig. 7. — Hubble K — z diagram of radio galaxies. Our new USS NIRC data arc plotted in the same aperture corrected 64 kpc metric 
diameter magnitudes as the literature data from van Brcugcl et al. (1998) and Eales et al. (1997). The NIRC data of the sources with radio 
power Pi400 > 10 35 erg s -1 Hz -1 are filled with a cross. The line shows a linear fit to the data, but does not have a direct physical meaning. 
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Fig. 8. — Deviation from a linear fit to the log 10 (z) — i^64fcpc relation plotted against radio power at 1.4 GHz, using the data from Figure 7. 
Plus-signs represent radio galaxies at z < 2, stars those at z > 2. There is a statistically significant (99.94%) trend for the higher luminosity 
radio sources to have more luminous parent galaxies. 
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Fig. 9. — Composite Hubble K — z diagram of radio-loud and radio-quiet galaxies. The radio-loud data are the same as in Figure 7; the 
radio-quiet data are taken from the HDF-North and the Hawaii survey. The radio-quiet galaxies do not show the strong correlation seen in 
radio-loud galaxies, and are significantly fainter than the radio- loud galaxies, which trace the bright envelope of the radio-quiet data at z < 1, 
and are > 2 magnitudes brighter at z > 1. 
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Fig. 10. — R — K color plotted against redshift. Small squares arc optically selected galaxies from the HDF-North with photometric redshifts 
(Fcrnandcz-Soto, Lanzctta, & Yahil 1999). Open squares and diamonds arc radio galaxies from the MRC sample of McCarthy (1999) and the 
7CRS of Willott, Rawlings & Blundcll (2001b). Large triangles and lower limits are galaxies from our USS sample. The solid lines show the 
color evolution of a galaxy formed in an instantaneous burst at Zf orm = 2, 3, 4, 5, 6, calculated using the PEGASE 2 code. 
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Fig. 11. — Predicted redshift distribution of the 80 objects with K— band detections. The redshifts are estimated from the K — z diagram 
in Figure 7. The shaded histogram shows the distribution of the 22 objects with spectroscopic redshifts from this sample. 
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APPENDIX 

The individual figures are available on http://www.strw.leidenuniv.nl/~debreuck/papers/ 

Fig. 12. — Finding charts for all 128 object observed. We show the near-IR image if obtained, otherwise the optical image, as indicated 
above each figure. Each image is 90" X 90". The circled star labeled 'A' is the offset star, whose coordinates are listed in Table 5. The 
position of the radio centroid is indicated with an open crosshair. 



